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Scope of the research 
To feed an ever-increasing world population while the availability of fertile soils is shrinking, there 
is a rising need for an increase in plant biomass production. One of the strategies to enhance 
plant yield is the optimization of the root system. A deep and highly branched root system for 
instance is more efficient in scavenging the minerals scattered throughout the soil, and its 
increased foraging capacity can help to overcome periods of water scarcity. With Arabidopsis 
thaliana as a model, scientists have made important progress in disentangling the mechanisms 
controlling root branching. However, when it comes to economically important crops such as 
maize, our understanding of processes as lateral root formation is still fragmentary. 
The aim of this project was to characterize the early events occurring during lateral root initiation 
in maize at a histological and genetic level. Further, we wanted to identify genes which could 
enhance maize root branching, and thereby would increase the resistance of plants to water 
deprivation. Therefore a transcriptomic approach was used in combination with the synchronized 
induction of lateral roots. We selected genes with a potentially conserved role in lateral root 
initiation in maize and Arabidopsis. The effect of the transgene expression on root growth was 
characterised in Arabidopsis seedlings, while analysis of transgenic rice plants was performed to 
study the consequences of the transgene on biomass and seed yield under water deprivation.  
 
   
 
  
Frequently used abbreviations 
ABA abscisic acid 
ARF auxin response factor 
Aux/IAA auxin/indole-3-acetic acid 
DAG days after germination 
FC fold change 
FDR false discovery rate 
GFP green fluorescent protein 
GO gene ontology 
GUS β-glucuronidase 
JA jasmonic acid 
LCM laser capture microdissection 
LRD lateral root density 
LRIS lateral root inducible system 
NAA 1-naphthaleneacetic acid 
NLS nuclear localization signal 
NPA N-1-naphthylphthalamic acid 
OE over-expression 
QC quiescent centre 
RFP red fluorescent protein 
SLR solitary root 
TEM transmission electron microscopy 
TF transcription factor 
UAS upstream activation sequence 
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An introduction to the hidden half of plants 
Plant root systems, all but uniform 
One of the main problems plants encounter, due to their sessile nature, is the complex 
environment in which they have to thrive, for example, a mixture of solid, gaseous and liquid 
phases wherein nutrients are unequally distributed. Plants have conquered these difficulties by 
developing highly adaptive and adequate species-specific root architectures. Thanks to 
evolutionary mechanisms, different types of roots and root systems can be studied today. 
Although in some cases roots can be initiated from aerial parts to give extra support, most root 
systems are formed below ground. 
The root systems of angiosperms have been classified into different types (Canon, 1949). In all 
cases, a primary root, which is initiated during embryogenesis, becomes first visible upon 
germination. This root grows straight downwards and screens different layers of the soil for water 
and nutrients. Lateral branches form all over the primary root, thereby extending the surface area 
considerably. In cases where the 
primary root remains functionally 
important during the lifetime of the 
plant, a taproot system develops 
(Figure 1A), which is characteristic of 
many dicotyledonous plants, 
including the model plant Arabidopsis 
thaliana. Most monocotyledonous 
plants form, next to the primary root, 
an extensive secondary root system 
which supports the plant during later 
stages, resulting in a fibrous root 
system (Figure 1B; Feix et al., 2002). 
In maize for instance, apart from the 
primary root also seminal roots are 
formed during embryogenesis, which 
emerge after germination from the 
scutellar node (Figure 1B). While the 
plant is growing, post-embryonic 
shoot-borne roots are formed from 
Figure 1 Schematic representation of a taproot (A) and 
fibrous (B) root system. (A) The root system of 
Arabidopsis thaliana consists of an embryonic primary 
root (PR) and post-embryonic lateral roots (LR). (B) Zea 
mays has an embryonic primary root and seminal roots 
(SR), which emerge at the scutellar node ( ). During 
further plant development crown roots (CR) are formed 
at stem nodes ( ) below soil level and brace roots (BR) 
above soil level. 
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stem-nodes beneath and above soil level, which are named crown and brace roots respectively 
(Figure 1B, Hochholdinger et al., 2004). Crown and brace roots are often referred to as 
‘adventitious roots’ (Feldman, 1994). Due to the formation of lateral branches on all of these root 
types, the total length and absorptive area of a root system is extended exponentially.  
The major outline of the root system is genetically determined within species. However, 
characteristics of root architecture can also differ between genotypes. In maize for instance, the 
number of brace roots per node, their colour and diameter are variable between different inbred 
lines, even when the same growth conditions are applied (personal observations, Figure 2). This 
genetic variation can be used as a basis for the identification of quantitative trait loci (QTL) that 
can lead to the discovery of genes involved in basic processes regulating root architecture. Using 
genetic variation between different Arabidopsis accessions, several QTLs have been identified 
responsible for important aspects of root architecture, such as primary root length, lateral root 
density and lateral root length (Loudet et al., 2005; Mouchel et al., 2004). Also the response of 
plants to their environment by the adaptation of their root system can vary between genotypes. 
This has led to the identification of QTLs responsible for root traits under phosphate starvation 
and drought stress in Arabidopsis and maize (Landi et al., 2007; Reymond et al., 2006; Zhu et al., 
2006). 
 
Root embryogenesis and establishment of the primary root meristem 
The establishment of the apical-basal axis is of vital importance for the determination of which 
cells will later form the embryonic root, and is one of the earliest events during embryogenesis. 
 
Figure 2 Brace roots of three different maize inbred Lines demonstrating genotypic variation within 
plant species. Bar=5 cm 
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Following fertilisation of the egg cell, the Arabidopsis zygote divides into a small apical cell and a 
large basal cell (Figure 3, 1-cell). Several genes have been identified with differential expression 
between the apical and the basal cell, whose function is indispensable for correct embryo 
development (Breuninger et al., 2008; Haecker et al., 2004; Lukowitz et al., 2000). The apical cell 
divides twice longitudinally and once transversely to form a spherical pro-embryo of eight cells. 
Meanwhile, the basal cell and its derivatives divide transversely to produce the suspensor 
(Figure 3, 8-cell). The descendants of the uppermost cell of the suspensor, the hypophysis, 
become integrated in the primary root meristem. At the 8-cell stage, several types of cells are 
clearly distinguishable, namely upper tier cells, lower tier cells, the hypophysis and suspensor. 
Both the lower tier cells and the hypophysis contribute to the creation of the root (Dolan et al., 
1993). During the subsequent divisions to the 16-cell stage, most of the patterning is established 
and the apical-basal axis of the embryo is specified, resulting in polarisation of the embryo 
(Figure 3, 16-cell). 
Once the apical-basal axis is established and the hypophysis has become specified, the primary 
root meristem needs to be formed in a controlled fashion. The actual establishment of the 
primary root meristem is initiated from the globular embryo stage onwards, with the 
asymmetrical division of the hypophysis (Figure 3, late globular). This division creates a small 
apical lens-shaped cell that forms the organising centre of the primary root meristem, designated 
as the quiescent centre (QC), and a larger basal cell that forms the columella stem cells (Dolan et 
al., 1993; van den Berg et al., 1998). The QC maintains the undifferentiated state of the 
surrounding stem cell niche by local signalling (van den Berg et al., 1998; Sabatini et al., 2003). 
Each of the stem cells surrounding the QC gives rise to one of the specific cell types of the root. 
While the QC and columella stem cells are derived from the hypophysis, the stem cells for the 
 
Figure 3 Embryonic development in Arabidopsis thaliana from 1-cell until torpedo stage. The 
embryonic root is formed from the hypophysis and lower tier cells. The lens-chaped cell (lsc) is 
derived from the hypophysis and will ultimately form the quiescent centre, while other progeny of 
the hypophysis will form columella stem cells. All other root tissues are derived from the lower tier 
cells. Adapted from: (Jansen et al., 2009)  
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other root tissues are derived from the lower tier, which implicates that the primary root is 
derived from cells of mixed origin (Figure 3, Dolan et al., 1993; van den Berg et al., 1998). The 
signal determining the developmental fate of these progenitor cells is probably provided by older 
adjacent cells in the same cell file (Malamy and Benfey, 1997b; van den Berg et al., 1995). This 
equilibrium between inhibition of stem cell differentiation by the QC and opposing stimulatory 
signals from more mature tissues within the cell file determines the root meristem activity. 
The stem cells in the root tip generate the different longitudinal cell files of the root. These files 
are arranged according to a fixed radial pattern. In the central core of the root, a diarch central 
vasculature is formed containing xylem and phloem poles. These cell files are surrounded by the 
pericycle, the ground tissues consisting of endodermal and cortical layers and the epidermis, 
which form root hairs (Figure 4, Dolan et al., 1993).  
 
  
 
Figure 4 Root meristem and radial anatomy in Arabidopsis thaliana 
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Lateral root development 
The adaptation their root architecture, particularly by the initiation and elongation of lateral roots, 
is an important strategy used by plants to cope with the changing nutritional conditions (Hodge et 
al., 2009; Malamy, 2005). The de novo formation of lateral roots allows the plant to explore the 
soil and to proliferate in nutrient-rich patches, or alternatively, the inhibition of lateral root 
outgrowth can represent a means to save energy when water or nutrients are scarce. As a part of 
the post-embryonic root system, lateral roots are initiated endogenously from cells within the 
parent root. These cells, which will undergo a series of highly organized divisions leading to the 
formation of a new primordium, are also referred to as ‘founder cells’ (Beveridge et al., 2007). 
Founder cells are located at specific positions relative to the vascular tissues of the parent root. In 
Arabidopsis, lateral roots are formed from pericycle cells adjacent to the protoxylem poles (Dolan 
et al., 1993; Malamy and Benfey, 1997b). This is also the case for onion, radish and sunflower 
(Casero et al., 1995; Lloret and Casero, 2002), but in carrot, where the pericycle consists of two 
layers, lateral roots are formed at the phloem poles (Lloret and Casero, 2002). In maize and rice, 
both the pericycle and endodermis participate in the formation of the new primordium, which is 
initiated between proto-xylem vessels, in front of phloem poles (Casero et al., 1995; Rebouillat et 
al., 2009). In the diarch vascular system of 
Arabidopsis, lateral roots form alternating 
between the two xylem poles (Dubrovsky et 
al., 2006). When grown on vertical agar 
plates in laboratory conditions, roots display 
a wavy growing pattern with the laterals 
forming at the convex side of the bends 
(Figure 5A, De Smet et al., 2007). Most 
plants have however a poly-arch vascular 
symmetry, and although reports describe a 
regularity in the spacing of lateral roots 
between and within ranks in certain species, 
the distribution of lateral roots in poly-arch 
roots is clearly more complex compared to 
Arabidopsis (Figure 5B; Charlton, 1987; X. et 
al., 1999; Draye, 2002). 
 
 
Figure 5 Lateral root growth in seedlings of 
Arabidopsis thaliana (A) and Zea mays (B). 
Bar=1cm  
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A prominent role for auxin in lateral root development 
Auxin is a versatile plant hormone, involved in virtually all aspects of lateral root formation, from 
the specification of founder cells to emergence and further growth of the lateral root. And 
although also other hormones are involved, auxin is by far the best studied when it comes to 
lateral root development (Overvoorde et al., 2010).  
Young leaves are the most important source for 
auxin, but also in the primary and lateral root tips 
auxin is produced (Ljung et al., 2001; Ljung et al., 
2005). Auxin produced in the leaves is transported 
to the root tip through the vascular tissue, where it 
is laterally redistributed and transported basipetally 
through cortex and epidermis (Figure 6; Blilou et al., 
2005; Swarup and Bennett, 2003). Fast long-distance 
transport occurs through the phloem channels, but 
auxin is also transported in a slower, directional way, 
the so-called polar auxin transport (PAT; Ljung et al., 
2005; Friml and Palme, 2002).. Auxin enters the cell 
by passive diffusion or by the activity of uptake 
carriers of the AUX1/LAX family. However, auxin exit 
is only possible by the activity of non-directional 
ABCB transporters or by polar localized PIN proteins. As such, the PIN proteins determine the 
directionality of the auxin transport (Figure 6; Vanneste and Friml, 2009).  
A complex equilibrium of auxin biosynthesis and directional transport creates local auxin 
gradients needed for correct lateral root morphogenesis (Benkova et al., 2003), and signaling 
cascades link auxin perception to specific developmental processes. Auxin signaling is mainly 
mediated by two interacting transcriptional regulators: AUXIN RESPONSE FACTORs (ARF) and 
Aux/IAA proteins (Vanneste and Friml, 2009). ARFs bind to auxin-responsive elements in the 
promoters of auxin-responsive genes, and can either activate or repress their expression. 
Aux/IAAs negatively regulate the activating ARFs, thereby repressing transcription of auxin-
induced genes (Vanneste and Friml, 2009). By binding of auxin to TIR1 (TRANSPORT INHIBITOR 1), 
degradation of Aux/IAA is promoted (Kepinski and Leyser, 2005; Dharmasiri et al., 2005), resulting 
in the de-repression of ARFs and the expression of downstream auxin responsive genes.  
Interfering with auxin biosynthesis, transport or response often leads to alterations in lateral root 
formation: plants overproducing auxin have higher numbers of lateral roots, while mutants 
 
Figure 6 Polar auxin transport in the 
root tip. The direction of the auxin 
transport and the PIN proteins involved 
are indicated. 
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impaired in auxin transport or one of the components of the signaling cascades form less lateral 
roots (reviewed in De Smet et al., 2006a). Researchers have taken advantage of these properties 
of auxin to develop a lateral root inducible system for Arabidopsis. Germination in the presence of 
the auxin transport inhibitor N-1-naphthylphthalamic acid (NPA) prevents lateral root initiation, 
while transfer to 1-naphthaleneacetic acid (NAA) leads to a synchronized induction of a large 
number of lateral roots (Himanen et al., 2002). 
The pericycle, a complex tissue  
Although lateral roots originate from the pericycle, not all pericycle cells can be stimulated for 
lateral root initiation, suggesting there are differences between individual cells within this tissue 
layer. Indeed, although always considered as one homogenous tissue, there are increasing 
indications that the pericycle consists of different cell populations, which are closely linked to the 
vasculature and its differentiation (Parizot et al., 2008; Atta et al., 2009; Parizot et al., 2010).  
First, differences between cells can be found at the physiological level. Radial diameter for 
instance is larger for cells prone to lateral root initiation in Arabidopsis (Laskowski et al., 1995), 
but smaller in onion (Casero et al., 1989), as compared to other pericycle cells. Also are cells 
competent for lateral root initiation often shorter than other cells within the same layer (Casero 
et al., 1989; Lloret et al., 1989; Laskowski et al., 1995; Dubrovsky et al., 2000), which might 
indicate they continue dividing after leaving the meristem (Dubrovsky et al., 2000), or at least 
undergo extra divisions within the meristem (Beeckman et al., 2001). Further, there can be a 
difference in the arabinogalactan proteins at the cell surface (Casero et al., 1998) and the 
distribution of plasmodesmata (Wright and Oparka, 1997) between the different pericycle cell 
populations.  
Cell cycle progression and meristematic properties are a second way to discriminate between 
pericycle cells. One can make a distinction between normal proliferative divisions, which lead to 
cell multiplication, and formative divisions, which are asymmetric and result in the establishment 
of a new cell fate. (Dubrovsky et al., 2000). Lateral root formation in Arabidopsis starts with 
asymmetric, formative division of xylem-pole pericycle cells (Dubrovsky et al., 2001; Malamy and 
Benfey, 1997b), and although cell divisions can take place in the phloem pericycle, these divisions 
remain proliferative and will never lead to lateral roots (Parizot et al., 2008). This difference 
between proliferative and formative divisions also appears when regenerating shoots from 
Arabidopsis root explants. Shoot formation starts in xylem pole pericycle cells, and although the 
phloem pole pericycle cells can divide, they will only form a file of shorter cells (Atta et al., 2009). 
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The pluripotent character of the xylem-associated pericycle cells suggests that also differences at 
the genetic level distinguish them from the other pericycle cells. This hypothesis was confirmed by 
the identification of two GAL4 enhancer trap lines with robust GFP expression in the three 
pericycle cell files in contact with the xylem poles (Figure 7; Laplaze et al., 2005; Parizot et al., 
2008). In line J0121, expression of the GFP is turned on in the root elongation zone (Laplaze et al., 
2005), while in Rm1007 GFP can be detected as early as the pericycle initials, right above the 
quiescent centre (Parizot et al., 2008). NPA or NAA treatment have no effect on the GFP 
expression pattern in these marker lines, but on the other hand, mutations leading to aberrations 
in the expression pattern result in lateral root phenotypes (Parizot et al., 2008). GFP expression in 
these lines is thus closely linked to their competence to initiate lateral roots, and the early 
expression in Rm1007 suggests this difference is established very early in primary root meristem.  
 
Cell cycle regulation 
The cell cycle is divided into four phases; during S-phase the genome of a cell is duplicated, in M-
phase the DNA is separated into two new daughter cells, and both phases are linked by gap 
phases (G1 and G2) (Inze and De Veylder, 2006). The core regulators of the cell cycle are cyclin-
dependent kinases (CDKs), which interact with cyclins (CYC) and stimulate cell cycle progression. 
Their action is inhibited by Kip-related proteins (KRPs), negative regulators of the cell cycle 
(Berckmans and De Veylder, 2009). 
 
Figure 7 GFP expression in the GAL4 enhancer trap line J0121. (A,C) Longitudinal views indicating 
GFP signal in the pericycle at the xylem poles (x). (B) Transversal image demonstrating GFP 
expression is limited to a subset of pericycle cells. (D) 3D image reconstructed from longitudinal 
images. Ep, epidermis; Co, cortex; En, endodermis; Pc, pericycle.  
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As lateral root initiation takes place in the 
differentiation zone of the root, pericycle cells have to 
dedifferentiate, or maintain their mitotic status once 
they left the root apical meristem (Malamy and Benfey, 
1997b; Malamy and Benfey, 1997a). Several reports, 
based on the expression of cell cycle regulators, point 
to the last option. First, pericycle cells seem to leave 
the meristem higher than other cell files (Figure 8, 
zone B), and the expression of CDKA1 suggests these 
cells maintain their cell division competence also in 
older root segments (Beeckman et al., 2001). Further, it 
was shown that xylem-pole pericycle cells have dense 
cytoplasm with two or three vacuoles and a high 
number of ribosomes, combined with a tetraploid cell 
content, while pericycle cells at the phloem poles are 
diploid (Beeckman et al., 2001; Parizot et al., 2008). 
This was confirmed by the expression of CYCA2;1, 
whose transcript level rises during S-phase and peaks at 
the end of G2 (Shaul et al., 1996). In the root, CYCA2;1 
expression disappears above the root apical meristem, 
but reappears later specifically in pericycle cells at the 
xylem poles (Beeckman et al., 2001; Burssens et al., 
2000). The zone with reduced CYCA2;1 expression 
would correspond to a region in which all pericycle cells 
are in G1 (Figure 8, zone C), while in the zone where 
CYCA2;1 expression reappears in the xylem pole 
pericycle, cells proceed cell cycle towards G2 phase 
(Figure 8, zoneC; Shaul et al., 1996; Beeckman et al., 
2001). CYCB1;1 is expressed during the G2 and M-
phase of the cell cycle (Doerner et al., 1996; Hemerly et 
al., 1992; Segers et al., 1996; Shaul et al., 1996), and its transcription precedes the completion of 
the first cell division cycle at the site of lateral root initiation, even being present prior to any 
visual sign of primordium development (Ferreira et al., 1994; Gray et al., 1999; Malamy and 
Benfey, 1997a; Beeckman et al., 2001). Therefore, CYCB1;1 expression is commonly used as a 
marker for lateral root initiation (Himanen et al., 2002; Himanen et al., 2004; Vanneste et al., 
Figure 8 Cell cycle regulation in the 
pericycle. Zone A corresponds to the 
root apical meristem. In zone B 
pericycle cells continue to divide, 
while the outer tissue layers become 
differentiated. In zone C all pericycle 
cells remain in G1 phase and stop 
dividing. In zone D pericycle cells at 
the xylem poles progress cell cycle 
throug S-phase to G2, and become 
competent for lateral root initiation. 
(Adapted from: Beeckman et al., 2001) 
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2005). While cell cycle progression is stimulated at xylem-pole pericycle cells and cell division 
takes place in founder cells, KRP2 expression blocks the G1/S transition in pericycle cells at the 
phloem poles, in older parts of the roots, and in cells opposite of lateral root initiation sites 
(Himanen et al., 2002; Verkest et al., 2005).  
Auxin plays a role in cell cycle regulation and thus lateral root initiation (Himanen et al., 2002). 
First, when plants are treated with NPA, xylem pole pericycle cells loose their meristematic 
features (Parizot et al., 2008), the cell cycle is arrested at G1, and KRP2 is strongly expressed in 
the pericycle (Himanen et al., 2004). Further, in the solitary root1 (slr) mutant, which expresses a 
stabilized form of SLR/IAA14, cell division in the pericycle is blocked (Fukaki et al., 2002; Vanneste 
et al., 2005), arguing for a direct link between SLR/IAA14-dependent auxin signaling and cell cycle 
activation (Vanneste et al., 2005). Nevertheless, also pathways independent of auxin seem to play 
a role in the regulation of pericycle cell division competence. Cytokinin treatment for instance 
down-regulates genes involved in the G2/M transition, thereby preventing lateral root initiation 
(Laplaze et al., 2007; Leyser, 2006). Finally, although ABERRANT LATERAL ROOT FORMATION4 
(ALF4) is not induced by auxin, it also seems to be involved in maintaining the meristematic state 
of the xylem-pole pericycle cells (Celenza et al., 1995; DiDonato et al., 2004). Pericycle cells can 
still acquire founder cell identity in the alf4 mutant, however they will not divide, and as such no 
lateral roots are formed in the absence of ALF4 (DiDonato et al., 2004; Dubrovsky et al., 2008). 
Pre-mitotic events and lateral root spacing 
There are indications that, long before the first divisions become visible in the differentiation zone, 
pre-initiation events take place in the basal meristem, a transition zone at the root tip where cell 
division diminishes and cell size increases (De Rybel et al., 2010; De Smet et al., 2008; Moreno-
Risueno et al., 2010; De Smet et al., 2007; Beemster et al., 2003). These events probably also play 
a role in the longitudinal spacing of lateral roots. In recent years, different concepts have been 
proposed concerning the mechanisms which determine the positioning of lateral roots along the 
primary root. Several authors observed an oscillating auxin signaling maximum in protoxylem 
strands at the level of the basal meristem, which was linked to lateral root initiation (De Rybel et 
al., 2010; De Smet et al., 2007; Moreno-Risueno et al., 2010). However, about the origin of this 
recurrent auxin maximum and its exact role in lateral root initiation, different hypothesis have 
been published.  
Based on the localization of auxin transport proteins and computer simulations, Laskowski et al. 
(2008) suggested a self-organizing system, in which small alterations in cell shape, for instance as 
a consequence of root bending, result in a modification of the auxin distribution in these cells. 
This in turn triggers changes in the expression and localization of auxin transport proteins, which 
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results in auxin accumulation in pericycle cells at the outside of a bend in the differentiation zone 
(Laskowski et al., 2008). In this context, authors suggest that the oscillating auxin maxima 
observed in the basal meristem are the consequence of previously formed lateral roots, rather 
than the cause of the induction of a new branch. The longitudinally spaced left-right positioning of 
lateral roots could as such be induced solely by the curvature of the main root (Laskowski et al., 
2008). 
Other authors however favor the concept of founder cell specification in the basal meristem, 
referred to as ‘priming’ (De Rybel et al., 2010; De Smet et al., 2007; Moreno-Risueno et al., 2010). 
The auxin response maxima in protoxylem cells result in the priming of neighboring pericycle cells, 
which will initiate a lateral root in higher zones of the root (Figure 9). Thus, according to this 
model, priming of pericycle cells and lateral root initiation are separated both in time and space in 
the growing root (Overvoorde et al., 2010). However, the mechanism by which the auxin signal in 
the protoxylem cells is translated into the specification of lateral root founder cell identity in the 
neighboring pericycle cells is still unknown. Also about the origin of the recurrent auxin maxima, 
different hypotheses have been proposed. First, De Smet and colleagues (2007) suggested a link 
between the oscillating auxin response in the basal meristem and the gravitropic response of the 
root. Shoot-derived auxin is redistributed in the columella root cap cells according to the gravity 
vector, and transported basipetally through the lateral root cap and epidermis cells. At the level 
of the basal meristem, auxin coming from the root tip is redirected to the stele by differential 
localization of PIN1 and PIN2 auxin efflux proteins (Blilou et al., 2005; Ditengou et al., 2008; Leyser, 
2006), which might cause the observed auxin response maxima (De Smet et al., 2007; Lucas et al., 
2007; Lucas et al., 2008). Lucas et al. (2007) confirmed that root gravitropism and lateral root 
initiation are co-regulated in Arabidopsis. This hypothesis is also in line with reports of other 
authors describing lateral root initiation to be dependent on auxin derived from the root tip 
(Bhalerao et al., 2002; Casimiro et al., 2001; Lucas et al., 2007) and could explain the fact that 
mutants defective in gravitropic response also have disturbed lateral root initiation (De Smet et al., 
2007 and references therein). Moreno-Risueno et al. (2010) however propose a different 
mechanism controlling the periodicity of root branching and bending, based on the activity of an 
endogenous clock. According to their data, auxin pulses are not sufficient to cause the periodic 
specification of lateral root founder cells. Instead, specification of lateral root initiation sites 
would be obtained by the oscillating expression of transcriptional regulators, among which 
several MADS-box transcription factors as SHATTERPROOF1 and 2 (SHP1 and SHP2), SEEDSTICK 
(STK) and AGAMOUS-LIKE20 (AGL20, Moreno-Risueno et al., 2010).  
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Recent identification of the GATA23 transcription factor and its role in founder cell specification 
argues in favor of the principle of priming in the basal meristem (De Rybel et al., 2010). Patches of 
GATA23 expression, which appear in xylem-pole pericycle cells just above the basal meristem 
(Figure 9), are correlated with the oscillating auxin response in the basal meristem as reported by 
De Smet et al. (2007). GATA23 induces founder cell identity through an IAA28-controlled auxin 
response pathway. AUXIN/INDOLE-3-ACETIC ACID (IAA) proteins are inhibitors of AUXIN 
RESPONSE FACTOR (ARF) transcription factors. Increasing auxin levels trigger the degradation of 
IAAs and allow transcription of genes involved in auxin response (reviewed in Leyser, 2006). 
Expression of a stabilized version of IAA28 indeed reduced the number of lateral roots formed 
(Rogg et al., 2001). Although IAA28 interacts with different ARFs, ARF7 and ARF19 are probably 
most relevant for the control of founder cell specification (De Rybel et al., 2010). CRANE/IAA18 
might also be involved in this auxin module, as it is expressed in the basal meristem (Ploense et al., 
2009), and gain-of-function mutation results in a reduced number of lateral roots (Uehara et al., 
2008). 
Next to the endogenous mechanism that is controlling the regular spacing of lateral roots under 
controlled growth conditions, lateral roots can also be induced by external factors as 
gravistimulation and mechanical bending. In all cases the lateral roots are formed at the convex 
side of the bend (Ditengou et al., 2008; Lucas et al., 2007; Richter et al., 2009; Laskowski et al., 
2008). Reorientation of primary root growth upon gravistimulation depends on differential 
redistribution of auxin fluxes in the root tip (Swarup et al., 2005; Ottenschlager et al., 2003). 
Figure 9 Priming and lateral root initiation in Arabidopsis (Taken from: De Rybel et al., 2010). 
Specification of lateral root founders cells is induced by recurrent auxin signaling maxima in the 
basal meristem, and mediated by the signaling cascade described in module 1. Nuclear migration 
takes place before the asymmetric cell division of pericycle cells. Two consecutive modules (2 and 
3) are involved in this division. 
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Although an auxin maximum at the lower side of the root tip inhibits cell elongation at the 
concave side of the bend (Swarup et al., 2005; Ottenschlager et al., 2003), PIN1 relocation in a 
group of protoxylem cells at the convex side results in an auxin maximum in the protoxylem cells 
at the outside of the bend, which probably determines the site of lateral root initiation (Ditengou 
et al., 2008). In case of mechanical bending, founder cell specification is induced by temporary 
increases in cytoplasmic Ca2+
Monshausen et al., 2009
 levels in the cell layers at the convex side of the bend, which are 
probably induced by the stretching of cells ( ; Richter et al., 2009). Recent 
study has demonstrated a link between cytosolic Ca2+ 
Zhang et al., 2011
levels and the polar localization of PIN 
proteins ( ). 
Redistribution of auxin fluxes and concentrations are mechanisms recurrently proposed in these 
different hypotheses to explain the determination of the lateral root initiation sites. It is therefore 
not surprising that interfering with auxin transport, for instance through addition of NPA, 
prevents the formation of the auxin maxima and as such inhibits lateral root initiation (Casimiro et 
al., 2001; De Smet et al., 2007).  
Lateral root initiation 
The first morphological sign of the initiation of a lateral root is the asymmetric division of primed 
founder cells (Dubrovsky et al., 2001; Casero et al., 1995; Casero et al., 1993; Malamy and Benfey, 
1997b). This division is preceded by the movement of the nuclei to their common cell wall (De 
Rybel et al., 2010). Prior to migration, auxin accumulates in the founder cells (Benkova et al., 2003; 
De Rybel et al., 2010; Dubrovsky et al., 2008), and auxin signaling based on degradation of IAA28 
and SLR/IAA14, and activation of ARF7 and ARF19, appeared to be necessary for coordinated 
nuclear migration (Figure 9, De Rybel et al., 2010). A general aspect of asymmetric cell divisions is 
that the daughter cells can have different cell fates (Scheres and Benfey, 1999). In case of lateral 
root formation, these formative divisions are associated with the expression of the receptor-like 
kinase ARABIDOPSIS CRINKLY4 (ACR4) specifically in the small daughter cells (De Smet et al., 2008). 
ACR4 probably is involved in correct specification of the daughter cells, and represses formative 
divisions in neighboring pericycle cells (De Smet et al., 2008). A similar dual role has been 
described for the maize homolog CRINKLY4 (CR4) during maize leaf development (Becraft et al., 
2001). 
The fact that asymmetric cell division is prerequisite for the formation of lateral roots was 
demonstrated by the identification of DIAGEOTROPICA (DGT) in tomato (Solanum lycopersicum, 
Ivanchenko et al., 2006). Although stretches of short pericycle cells are formed in the dgt mutant, 
indicating that cell cycle progression is not disturbed, these divisions are merely proliferative, and 
no lateral root primordia are formed (Ivanchenko et al., 2006). A similar phenomenon was 
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observed in slr plants in which the cell cycle arrest was overcome by over-expression of core cell 
cycle regulators (De Smet et al., 2010; Vanneste et al., 2005; Ivanchenko et al., 2006). The 
phenotype was explained by a disturbed PIN-dependent auxin distribution which prevented the 
formation of auxin maxima, and could be rescued by simultaneous cell cycle stimulation and the 
addition of auxin (De Smet et al., 2010; Okushima et al., 2005; Vanneste et al., 2005). The need 
for a correct PIN localization is further demonstrated by the partial loss-of-function allele of 
GNOM, a regulator of intracellular vesicle trafficking and involved in the recycling of PIN1 to the 
plasma membrane (Geldner et al., 2003; Steinmann et al., 1999). Heterogeneous gnomR5
Geldner et al., 2004
 mutants 
fail to establish the proper auxin maxima needed for formative divisions, resulting in random 
pericycle cell proliferation in the presence of exogenous auxin ( ).  
Downstream of SLR/IAA14, ARF7 and ARF 19, a second auxin signaling module is activated during 
lateral root initiation, consisting of BODENLOS (BDL)/IAA12 and MONOPTEROS (MP)/ARF5 
(Figure 9; De Smet et al., 2010). Both BDL/IAA12 and MP/ARF5, which physically interact (Hamann 
et al., 2002), are expressed at lateral root initiation sites (De Smet et al., 2010), and expression of 
MP in slr mutants restores lateral root initiation and development (De Smet et al., 2010).  
Auxin-induced release of ARF7 and ARF19 further leads to a plethora of responses, such as the 
transcription of members of the LATERAL ORGAN BOUNDARIES DOMAIN/ASYMMETRIC LEAVES2-
LIKE (LBD/ASL) family including LBD16, LBD18 and LBD29 (Okushima et al., 2007). Expression of 
these genes was able to rescue the lateral-rootless phenotype of arf7arf19 double mutants (Lee 
et al., 2009; Okushima et al., 2007). A rice orthologue of AtLBD16 and AtLBD29, CROWN 
ROOTLESS1/ADVENTITIOUS ROOTLESS1 (CRL1/ARL1) regulates the formation of adventitious and 
lateral roots in rice (Liu et al., 2010; Liu et al., 2005; Inukai et al., 2005). Its expression is induced 
by auxin, and mutants show auxin-related defects in root development, including reduced 
numbers of lateral roots (Liu et al., 2005; Inukai et al., 2005). Also in maize two homologous LOB 
domain proteins, ROOTLESS CONCERNING CROWN AND SEMINAL ROOTS (RTCS) and RTCS-LIKE 
(RTCL), were shown to be auxin-inducible and are involved in the initiation and formation of 
seminal and shoot-borne roots (Taramino et al., 2007), pointing to conserved mechanisms 
between monocot and dicot species. 
Apart from the promotive role of auxin in lateral root initiation, interplay with other hormones is 
part of the regulation. Lateral root initiation is inhibited in mutants with increased ethylene levels 
(Ivanchenko et al., 2008; Prasad et al., 2010; Nodzon et al., 2004). Also abscisic acid (ABA) 
antagonizes the effect of auxin by inducing the expression of KRPs, thereby blocking the G1/S cell 
cycle transition (De Smet et al., 2006b; Wang et al., 1998). Cytokinin on the other hand inhibits 
lateral root initiation by blocking the G2/M transition and by interfering with the formation of the 
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necessary auxin maxima (Li et al., 2006; Laplaze et al., 2007). In normal conditions, cytokinin 
signaling is specifically inhibited in the protoxylem and the neighboring pericycle cells (Mähönen 
et al., 2006). Localized expression of a cytokinin biosynthesis gene in the xylem-pole pericycle cells 
reduces lateral root initiation and disrupt the cell division patterning, while cytokinin degradation 
in these cells results in increased initiation (Laplaze et al., 2007).  
Organogenesis, shaping the new primordium 
Only if the conditions described in the previous parts are met (i.e. a combination of cell division, 
cell specification and a correct hormone homeostasis), a functional lateral root primordium can 
be formed. The asymmetric divisions occur synchronously in one or two abutting pericycle cells 
and in three adjacent pericycle cell files (Dubrovsky et al., 2001). As such, three founder cells 
could be sufficient for the formation of a primordium (Dubrovsky et al., 2001). Other reports 
however estimate the number of founder cells involved to be 11 in Arabidopsis (Laskowski et al., 
1995), and up to 40 in radish (Sussex et al., 1995). Although multiple cell files take part in the first 
steps of organogenesis, it are the founder cells from the central file that will contribute most to 
the primordium (Kurup et al., 2005).  
After a set of asymmetric anticlinal divisions, the smaller daughter cells expand radially followed 
by a periclinal division, forming a second cell layer (Figure 10). These early stages of lateral root 
formation seem quite robust, as they are conserved between different plant species (Casero et al., 
1995; Dubrovsky et al., 2000; Lloret et al., 1989; Malamy and Benfey, 1997b). In Arabidopsis also 
subsequent divisions occur in a rather organized way, described by Malamy and Benfey (1997) as 
a succession of stages going from a set of short pericycle cells after the asymmetric divisions 
(stage I) to the formation of a structure resembling that of a root meristem that is about to 
emerge (stage VII; Figure 10). At this point, mitotic activity decreases and expansion of basal cells 
makes the lateral root grow and emerge from the parent root. It is only after emergence that the 
meristem of the new lateral root is activated, and from that moment initials are responsible for 
maintaining the growth (Malamy and Benfey, 1997b; Ohtani et al., 2010). 
Although physiologically lateral root organogenesis is well described, little is known about the 
genetic pathways taking part in the process. Most mutants with lateral root phenotypes have 
defects at the level of founder cell specification or the first asymmetric division, making 
downstream events hard to elucidate. The few examples of lines with aberrations in patterning 
that are known today all point to an important role of auxin, and more particularly its distribution 
within the growing primordium (Ohtani et al., 2010; Benkova et al., 2003). Already at stage II an 
auxin gradient is established which ultimately forms a maximum at the primordium tip (Figure 10; 
Benkova et al., 2003). This auxin distribution is realized by the combination of a localized 
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expression of auxin transport proteins and their polar localization. At least 6 members of the PIN 
family are expressed in specific patterns during primordium formation (Benkova et al., 2003). 
Ectopic expression or mutations in these genes have an impact on the establishment of the auxin 
maximum and result in malformed primordia (Benkova et al., 2003).  
For the initiation of lateral roots and the first steps of their formation, cells depend on auxin 
coming from the root apical meristem of the parent root (Bhalerao et al., 2002). A role for the 
uptake of auxin into the primordium is dedicated to the auxin import facilitator AUX1. Its 
expression is induced just before the first periclinal divisions, the stage in which primordia of aux1 
mutants are blocked (Marchant et al., 2002). Once the new primordium has about 3 to 5 cell 
layers, it becomes itself a source of auxin production and is able to grow independently from the 
parent root (Laskowski et al., 1995; Sussex et al., 1995; Ljung et al., 2005). This indicates that 
AUX1, together with the different PIN proteins, is responsible for correct auxin homeostasis. 
Auxin response necessary for lateral root initiation occurs through IAA14/SLR-ARF7-ARF19 
(Okushima et al., 2005; Fukaki et al., 2002). To study a possible role of the same module in later 
stages of lateral root formation, the lack of lateral root initiation sites in the slr1 mutant was 
circumvented by expressing a dominant negative form of IAA14/SLR specifically in young 
primordia. Only few aberrant lateral roots emerged, while most of the primordia arrested, 
indicating that IAA14/SLR dependent auxin signaling is also needed for correct lateral root 
development (Fukaki et al., 2005). A gene which possibly acts downstream of this pathway is 
PUCHI, a transcription factor regulating patterning of the lateral root primordium through 
 
Figure 10 Lateral root organogenesis. Successive stages of lateral root primordium formation are 
illustrated, as described by Malamy & Benfey (1997b). Gray values indicate increasing auxin levels. 
Ep, epidermis; Co, cortex; E, epidermis; P, pericycle. 
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restriction of the cell proliferation zone (Hirota et al., 2007). In the absence of functional PUCHI 
proteins, additional divisions start to occur in stage II primordia, which results in the formation of 
lateral roots which are swollen at the base due to excessive divisions (Hirota et al., 2007). Two 
other genes, to which a similar function as PUCHI was attributed, are expressed at later stages at 
the margins of the lateral root primordium. The expression of CUC3 (CUP-SHAPED COTYLEDON3) 
and LOB (LATERAL ORGAN BOUNDARIES) forms a boundary between the parent root and the 
developing lateral and might as such also function in delimiting cell division (Shuai et al., 2002; 
Vroemen et al., 2003). Also ABA seems to play a role at this stage. Two genes involved in ABA 
biosynthesis are respectively expressed in pericycle and cortex cells surrounding lateral roots, and 
at the base of lateral roots (Tan et al., 2003). As ABA slows down cell cycle activity (Wang et al., 
1998), it might as such take part in defining the boundaries of a developing lateral root (De Smet 
et al., 2006b). 
Two other hormones influencing primordium formation, through cross-talk with auxin, are 
cytokinin and ethylene. Cytokinin-overproducing plants or treatment with exogenous cytokinin 
not only reduces the lateral root density, but also impairs patterning of the primordia (Kuderová 
et al., 2008; Laplaze et al., 2007). It seems however that only the founder cells are sensitive to 
cytokinin, as localized cytokinin production in young primordia did not have any effect on lateral 
root development (Laplaze et al., 2007). Moreover, AtIPT5, which codes for a protein from the 
cytokinin biosynthesis pathway, is expressed in young lateral root primordia, suggesting cytokinin 
is produced in lateral root primordia (Miyawaki et al., 2004). Therefore, aberrations in patterning 
must be a consequence of cytokinin response during lateral root initiation (Kuderová et al., 2008). 
Application of ethylene results in the formation of wider primordia due to cell enlargement and to 
extra divisions at the apex of the lateral root, and as such promotes its emergence (Ivanchenko et 
al., 2008).  
On the way to the outer world 
As cells undergo successive divisions, overlaying cell layers have to give way to the growing 
primordium. Although in Arabidopsis this number of layers is limited to three, in plants as maize 
or rice the primordium encounters up to 16 layers on its way to the outer world (Feldman, 1994; 
Hochholdinger et al., 2004). It implies that these plants might use different strategies to guide the 
young primordium through the mother root tissues. In maize, cortex cells collapse and cytoplasm 
is broken down, while the lignified epidermis stays intact till it is pushed apart by the primordium 
(Bell and McCully, 1970; Park et al., 2004). In Arabidopsis however, cells of the endodermis, cortex 
and epidermis remain intact during the whole emergence process and are separated through 
degradation of their middle lamellae (Laskowski et al., 2006). During the last decades several 
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hypotheses were suggested trying to explain the process of lateral root emergence, going from 
solely mechanical pressure by the LRP to the secretion of enzymes, which had been demonstrated 
in different plant species (overview in Charlton, 1996; Lloret and Casero, 2002). These last years, 
using Arabidopsis as a model, these theories were further adapted and elaborated, leading to the 
identification of molecular mechanisms involved in the process.  
The development of a lateral root primordium in Arabidopsis coincides with the expression of cell 
wall modifying enzymes which assist the emergence by loosening cellular interactions in 
overlaying tissues. These include PGAZAT/ADPG2, which codes for a polygalacturonase, AtPLA1 
and AtPLA2, two pectin lyases, and AtPME1, a pectin methyl esterase (González-Carranza et al., 
2007; Laskowski et al., 2006; Swarup et al., 2008). Pectin methyl esterase is believed to 
demethylate the pectin present in middle lamellae, which is then degraded by polygalacturonase 
and pectin lyase, facilitating cell separation. The newly formed cell walls of the primary root 
meristem are highly methylated, which protects them from degradation (Laskowski et al., 2006; 
Torki et al., 2000). Also other genes may help the emergence process. Expression of AIR3, a 
subtilisin-like protease, and XTR6, a xyloglucan:xyloglucosyl transferase, was demonstrated in the 
outer layers of the mother root at the level of a developing primordium (Neuteboom et al., 1999; 
Swarup et al., 2008). Further, transcription of some expansins is highly induced during lateral root 
development (Laskowski et al., 2006; Swarup et al., 2008), but although expansins have been 
shown to be involved in cell separation, the increased expression may also in part be due to cell 
expansion in the growing primordium (Cho and Cosgrove, 2000; Laskowski et al., 2006). 
These cell wall modifying genes were identified as being auxin inducible, suggesting also the 
emergence of lateral roots is coordinated by auxin. This was confirmed by the observation that 
shoot derived auxin and acropetal auxin transport are needed for the emergence of laterals in 
young seedlings (Bhalerao et al., 2002; Wu et al., 2007). Auxin is transported through the 
developing primorium to the surrounding tissues of the main root, where it induces changes 
necessary for outgrowth (Bhalerao et al., 2002; Swarup et al., 2008; Wu et al., 2007).  
The first layer encountered by the developing primordium is the endodermis. In this layer, auxin 
response is regulated by SHY2/IAA3, which is expressed in cells adjacent to lateral root primordia 
(Figure 11A; Swarup et al., 2008; Tian and Reed, 1999). shy2 loss-of-function mutants have an 
increased number of emerged lateral roots, while in plants with a stabilized form of SHY2, lateral 
root emergence is delayed (Swarup et al., 2008; Tian and Reed, 1999). When auxin from the 
growing primordium reaches the cortex and epidermis, LAX3 (Like-AUX1) transcription is induced 
through degradation of SLR/IAA14 and release of ARF7 and ARF19 (Figure 11B; Swarup et al., 
2008). In turn, LAX3 acts as an auxin import carrier protein to increase the cellular auxin content 
  Introduction 
 
 
 | 21 
(Swarup et al., 2008; Bainbridge et al., 2008), thus creating a very localized pool of auxin (Swarup 
et al., 2008). There are indications that both SHY2/IAA3 and LAX3 regulate the expression of a 
partially overlapping set of cell wall remodeling genes (Swarup et al., 2008).  
 
Meristem activation & maintenance 
Once emerged, divisions in the meristem of the new lateral root have to be activated and 
maintained, so lateral root growth can be sustained (Malamy and Benfey, 1997b). Knowledge 
about these processes is only fragmentary, and although there are indications that some 
mechanisms are lateral root specific (Wu et al., 2007), significant overlap with the maintenance of 
the primary root meristem was demonstrated (Cheng et al., 1995; Celenza et al., 1995). RML1 
(ROOT MERISTEMLESS1) for instance is necessary for the activation of cell division in the 
embryonic primary as well as the lateral root meristems (Cheng et al., 1995). Although patterning 
occurs as normal, in the absence of RML1 roots fail to elongate due to a block of the cell cycle in 
their meristem, a phenotype that could not be circumvented by the addition of auxin (Cheng et al., 
1995; Vernoux et al., 2000). In contrast to most other aspects of lateral root formation, meristem 
activation after emergence does not seem to be controlled by auxin but is influenced by ABA (De 
Smet et al., 2003). Application of ABA inhibits activation of the meristem in a reversible way, and 
arrest can not be circumvented by increased auxin biosynthesis in the plant or external addition 
of NAA (De Smet et al., 2003).  
 
Figure 11 Lateral root emergence in Arabidopsis. Cell separation is accomplished through the 
activity of cell wall remodeling enzymes (CWR). (A) Expression of CWRs in the endodermis is 
activated  through auxin-induced degradation of SHY2/IAA3.  (B) In cortex and endodermis auxin 
signaling occurs through the SLR/IAA14, ARF7 and ARF19 module to induce  LAX3 auxin import 
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Different mutants have shown that also post-emergence a correct auxin homeostasis remains 
important (Wu et al., 2007; Celenza et al., 1995). Without application of exogenous auxin, lateral 
roots in alf3 (aberrant lateral root formation 3) arrest growth after a couple of millimeters, and as 
cell death occurs, they loose their viability (Celenza et al., 1995). Although its exact function 
remains unknown, authors suggest that ALF3 is part of the IAA biosynthetic pathway or plays a 
role in auxin transport in lateral root primordia (Celenza et al., 1995). An impaired auxin transport 
can indeed lead to reduced lateral root elongation. As a member of the multidrug resistance 
(MDR)-like ABC transporters, MDR1 participates in acropetal auxin transport, and although 
expressed throughout the primary and lateral roots, its function is not indispensible for primary 
root growth or early lateral root formation (Wu et al., 2007). In MDR1-deficient plants the auxin 
response maximum at the root tip is reduced, and laterals are shorter compared to those of 
control plants (Wu et al., 2007).  
Environmental factors influencing root architecture 
Although regulated by intrinsic mechanisms, external signals have an important impact on the 
distribution, emergence or elongation of lateral roots. Localization and concentration of water 
and nutrients, but also factors as light, gravitropism, physical barriers and interaction with other 
organisms influence root architecture and thus help shaping the root system in function of its 
environment (Ditengou et al., 2008; Lucas et al., 2007; Nibau et al., 2008; Richter et al., 2009).  
Plant roots for instance tend to direct their root growth towards wetter soil (Takahashi et al., 
2003). And although high osmotic stress has no effect on lateral root initiation, the emergence of 
primordia is repressed (Nibau et al., 2008). A local high nitrate concentration induces initiation 
and elongation of lateral roots in the nitrate-rich zone (Zhang et al., 1999; Linkohr et al., 2002; 
Drew, 1975; Granato and Raper, 1989), while an overall high nitrate concentration in the soil 
inhibits lateral root growth (Figure 12; Zhang and Forde, 1998). Also phosphate deprivation has a 
major influence on root architecture by reducing 
primary root elongation, while growth of lateral 
roots and root hairs is induced, increasing the 
foraging and uptake capacity of the root system 
(Lopez-Bucio et al., 2002). In contrast, at a high 
phosphate concentration, lateral root emergence 
is arrested.  
 
Figure 12 Effect of nutrient availability on 
root architecture. (Adapted from: Nibau et 
al., 2008) 
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Conclusion 
A good understanding of root development can provide insight into the mechanisms of how 
plants deal with their ever changing and complex environment. In recent years, an increasing 
interest for root developmental biology has resulted in a significant advance in our understanding 
of the different aspects of lateral root formation. Nevertheless, it also became clear that lateral 
root development is an enormous complex trait.  
Most of our knowledge is derived from study of the model plant Arabidopsis. However, increasing 
information on genomes of crop species as rice and maize will soon lead to new tools, and 
implementation of knowledge from Arabidopsis in economically more relevant plants is becoming 
within reach. In the following chapters we describe a histological and genetic characterization of 
lateral root initiation in maize. We compare our results with data from Arabidopsis in order to 
estimate to which extend the processes involved in lateral root formation are conserved in 
Arabidopsis and maize. 
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Abstract  
In Arabidopsis thaliana, lateral-root-forming competence of pericycle cells is associated 
with their position at the xylem poles and depends on the establishment of protoxylem-
localized auxin response maxima. In maize, our histological analyses revealed an 
interruption of the pericycle at the xylem poles, and confirmed the earlier reported proto-
phloem-specific lateral root initiation. Phloem-pole pericycle cells were larger and had 
thinner cells walls compared to the other pericycle cells, highlighting the heterogeneous 
character of the maize root pericycle. A maize DR5::RFP marker line demonstrated the 
presence of auxin response maxima in differentiating xylem cells at the root tip and in 
cells surrounding the proto-phloem vessels. Chemical inhibition of auxin transport 
indicated that the establishment of the phloem-localized auxin response maxima are 
crucial for lateral root formation in maize, because in the absence, random divisions of 
pericycle and endodermis cells occurred, not resulting in organogenesis. These data hint 
at an evolutionary conserved mechanism, in which the establishment of vascular auxin 
response maxima is required to trigger cells in the flanking outer tissue layer for lateral 
root initiation. It further indicates that lateral root initiation is not dependent on cellular 
specification or differentiation of the type of vascular tissue. 
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Introduction 
Plant roots have a typical anatomy composed of different concentric tissues (the epidermis, 
cortex, endodermis) surrounding a central vascular cylinder. The outer layer of the central 
cylinder is the pericycle, which is generally considered as another concentric layer, while the rest 
of the central tissue is radially, rather than concentric, organized. In the model plant Arabidopsis 
thaliana, each of the outer tissues is composed of one layer, with a relative constant number of 
cells. Further, the vasculature has a diarch symmetry, consisting of two alternating xylem and 
phloem poles (Dolan et al., 1993). This pericycle forms the basis for the formation of lateral roots, 
which allow plants to adjust to their environment in a dynamic way and to overcome unequal 
distribution of water and nutrients in the soil (Ito et al., 2006, Varney and Canny, 1993).  
Only a subset of the pericycle cells has the capacity to divide and to form lateral roots. In 
Arabidopsis, these cells are located at the xylem poles (Dubrovsky et al., 2000). However, also the 
presence of quiescent phloem-pole pericycle cells seems to be indispensable for correct lateral 
root development, as wol mutants, completely lacking phloem, were unable to develop organized 
lateral root primordia (Parizot et al., 2008). In addition, several studies in various dicotyledonous 
species report on differing morphological, genetic and cell cycle-related properties between the 
xylem- and phloem pole pericycle cells (overview in: De Smet et al., 2006, Parizot et al., 2010), 
suggesting the pericycle cell layer is not one continuous concentric layer, but rather built up by at 
least two different cell populations whose characteristics depend on their position relative to the 
vasculature.  
Lateral root formation is regulated by a complex interplay of different plant hormones (reviewed 
in: Nibau et al., 2008). The role of auxin in the whole process has been well characterized in 
Arabidopsis during the last decades. Auxin is involved in the specification of founder cells 
(Dubrovsky et al., 2008), during lateral root organogenesis (Benková et al., 2003, De Smet et al., 
2010), and emergence of the primordium (Swarup et al., 2008). An oscillating auxin signalling 
maximum in the protoxylem at the level of the basal meristem specifies the neighbouring 
pericycle founder cells, and therefore determines the place of lateral root initiation (De Rybel et 
al., 2010, De Smet et al., 2007, Moreno-Risueno et al., 2010). Under controlled growth conditions, 
lateral root initiation occurs strictly acropetally and alternates between the two xylem poles (De 
Smet et al., 2007, Dubrovsky et al., 2006).Whether it is auxin itself that triggers founder cell 
specification or another signalling molecule, is not known until now. As most work has been 
focused on Arabidopsis, little or no information is available for other plants including important 
monocotyledonous crops. 
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The anatomy of the maize root is more complex than that of the Arabidopsis root, with multiple 
cortex layers and varying numbers of cells per layer (see figure 1, Chapter 3, page 62). 
Furthermore, the maize root has an extensive poly-arch vasculature containing on average six to 
ten central late meta-xylem elements with two to three xylem poles each, consisting of proto- and 
early meta-xylem (Feldman, 1994, Hochholdinger, 2009). An equal number of phloem poles can 
be found, which alternate with the xylem tissues in the vascular bundle. Similar to Arabidopsis, 
the vasculature is surrounded by a single layer of pericycle cells from which lateral roots are 
formed. However, in contrast to Arabidopsis, also the endodermis cells take part in the formation 
of a lateral root primordium in maize (Bell and McCully, 1970). Reports on the exact place of 
lateral root initiation have been contradictory: Bell and McCully (1970) stated that laterals are 
formed at the xylem poles, as in Arabidopsis, while Casero et al. (1995) found them to initiate in 
the phloem pole pericycle cells. Detailed characterization of the maize rum1 mutant, lacking 
lateral roots on the primary root, led to the conclusion that most likely auxin accumulation in the 
pericycle precedes, and is required for the degradation of RUM1, a maize Aux/IAA repressor 
protein (von Behrens et al., 2011, Woll et al., 2005). Furthermore, auxin availability might also be 
controlled by RUM1 because rum1 mutants displayed reduced polar auxin transport. In any case, 
the rum1 mutant clearly demonstrates the importance of auxin distribution in maize lateral root 
initiation. However, up to now, information on the localization of auxin in maize roots could only 
be derived from chromatography and mass spectrometry data (Saleem et al., 2010, Bridges et al., 
1973, Greenwood et al., 1973). These methods detected high levels of auxin in the stele, but 
detailed spatial information is lacking. Precise localization of auxin in the root could help our 
understanding of a role for auxin in the determination of lateral root founder cells in maize.  
Here, we first confirmed the position of lateral root formation in maize relative to the vascular 
elements. Further, we looked into the characteristics of the pericycle cell layer and early vascular 
development. Finally, we analyzed auxin response in the maize root and demonstrated a role for 
localized auxin response maxima in lateral root formation. 
Results and discussion 
Lateral roots are initiated by anticlinal divisions of pericycle cells between the xylem poles 
To determine the site and the division pattern of the very first cell divisions of lateral root 
formation in maize, three-day old primary roots were screened for cytokinesis events. Cortex and 
epidermis tissues were removed to monitor mitotic figures in the pericycle, visualised by Feulgen 
DNA staining. Under our growth conditions, the first divisions were found on average at 
11.9±2 mm from the root tip.  
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In longitudinal sections from fragments between 10 and 15 mm from the root tip, occasionally 
nuclei from two adjacent pericycle cells were found to be displaced to their common cell wall 
(figure 1A), leading to asymmetric and anticlinal divisions (figure 1B). Periclinal divisions, 
visualized on transversal sections, result in the formation of a second layer (figure 1C). At this 
stage divisions in the endodermis could also be observed (figure 1D). Both epi-fluorescence and 
bright field microscopy of sections showed that lateral roots were exclusively formed in front of 
phloem poles (figure 1E, F). Despite the initiation of lateral roots at the phloem poles, pericycle 
cells in the vicinity of both flanking xylem poles also divide at later stages and take part in the 
formation of the primordium (figure 2).  
Our observations thereby confirm that in maize phloem-pole pericycle cells are competent for 
lateral root initiation, as was earlier described by Casero et al. (1995). Although pericycle cells at 
the xylem poles do not remain quiescent and are later-on recruited in the developing primordium, 
 
Figure 1: First divisions of lateral root formation take place between xylem poles. (A) Nuclei of 
two adjacent pericycle cells are displaced towards their common cell wall. (B) Asymmetric 
anticlinal divisions have taken place in two adjacent pericycle cells. Arrowheads indicate cell 
walls. (C) Pericyclinal division of a pericycle cell at the phloem pole, resulting in a second cell 
layer. (D) Endodermis cells take part in the formation of a lateral root primordium. Arrowheads 
indicate divided endodermis cells. (E) Dividing cells, recognisable by the intense cytoplasmic 
staining, are located between xylem poles (X). (F) Epi-fluorescence image showing mitotic figures 
(arrowheads) at the level of the phloem (*), between xylem poles (X). Pc: pericycle; En: 
endodermis; Co: cortex. Scale = 50 µm 
  Auxin response in the maize root 
 
 
 | 41 
they seem not to be competent for 
lateral root initiation, suggesting these 
cells are, upon their formation, 
differentially specified as compared to 
phloem-pole pericycle cells. 
Alternatively, a later positional signalling, 
acting at the phloem poles, might be 
involved to trigger for lateral root 
initiation. 
Pericycle cell size is linked with vascular 
development 
In order to detect early differential specification of the pericycle at the xylem poles as compared 
to the phloem poles, and in the absence of reporter lines for cell identity, a histological approach 
was followed by making serial cross sections through the root tip, including the root cap and 
apical meristem. The pericycle cell layer could be observed starting from 350 µm from the tip 
(including the root cap), while a first sign of vascular differentiation was found at about 700 µm, 
where diamond-shaped cells of proto-phloem became recognisable by their reduced staining of 
the cytoplasm and thick nacreous cell walls (Evert, 1977). Transmission electron microscopy (TEM) 
on a section through the meristem showed a differentiating proto-phloem sieve element 
surrounded by meristematic cells (figure 3A), indicating the proto-phloem matures prior to all 
other cell types. At 900 µm from the root tip, all proto-phloem poles could be distinguished 
(figure 3B). Next, cross-sectional surface areas of all pericycle cells were measured, at 900 µm and 
at 400 µm distance from the tip. At 900 µm, the average surface area of the two pericycle cells in 
contact with the proto-phloem element was significantly larger (185±33 µm²) than the size of 
other pericycle cells (112±35 µm², Student T-test, p-value<0.001, supplemental figure 1). This 
implies that, as in Arabidopsis, cells prone to lateral root initiation have larger diameters than the 
other pericycle cells, despite their different position in relation to the vasculature (Laskowski et al., 
1995). In younger tissue, at 400 µm from the root tip, no differences in the surface area between 
cells at the future phloem poles (70±21 µm²) and the other pericycle cells (68±24 µm², 
supplemental figure 1) could be found. Although we do not have quantitative measurements on 
the cell division rate in individual pericycle cell files, the difference in cell size does not seem to be 
due to an earlier cell cycle exit of pericycle cells at the phloem poles. Instead, in sections between 
400 and 900 µm radial and periclinal divisions were observed in pericycle cells between the 
phloem poles (figure 3C-E), which seem to be at least partially responsible for the smaller cell size 
found at these sites. While at the phloem poles merely proliferative anticlinal divisions could be 
 
Figure 2: Lateral root formation in maize. Transversal 
section through a developing lateral root primordium 
(bar = 50 µm). 
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Figure 3: Heterogeneity of the pericycle. (A) Transmission electron microscopy (TEM) image 
through the meristem showing protophloem differentiation. (B) Light microscopic (LM) image from 
a section at 900 µm from the root tip where all protophloem poles can be recognized. (C-D) LM 
images from sections between 400 and 700 µm from the root tip, showing periclinal divisions 
(arrowheads) in pericycle cells between the phloem poles. (F) TEM image at 10 mm from the root 
tip showing lignin deposition in xylem cells (arrows). Inset shows detail at higher magnification. (G) 
TEM image of the pericycle at 5 mm from the tip. (H) LM image of proto- and early meta-xylem 
cells (bright blue cell wall) interrupting the pericycle layer. (I) Auto-fluorescence of xylem (blue-
green) indicates interruption of the pericycle. (J) Auto-fluorescence at 35 mm from the tip shows 
pericycle cells with thick auto-fluorescent cell walls at the xylem poles and thin walls at phloem 
poles. Pc: pericycle; Asterisk: phloem; X: xylem. Bar= 10 µm (A,F,G), Bar=20 µm (D), Bar=50 µm 
(B,C,E,H), Bar=100 µm (I,J).  
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seen, the periclinal divisions of pericycle cells between the phloem poles might have a more 
formative character, in which one or both daughter cells could take part in the formation of the 
vascular tissues. 
The differentiation of xylem vessels can be recognized by the formation of a thick, lignified, cell 
wall, and in serial sections up to 1 mm no sign of xylem differentiation could be retrieved yet. 
Using TEM, signs of lignin deposition were found in sections between 5 and 10 mm from the root 
tip (figure 3F), indicating that proto-xylem formation occurs much later than proto-phloem 
differentiation, in more differentiated parts of the root. At this level, most pericycle cells had one 
large central vacuole, characteristic of a differentiated status (figure 3G). Intriguingly, at the level 
of the xylem poles, pericycle cells seemed also to become lignified and recruited into the proto-
xylem tissue (figure 3F). In about 75% of the analyzed xylem poles, the pericycle was interrupted 
by the proto-xylem (figure 3H, I). This has also been described earlier for rice (Kawata et al., 1978), 
but to our knowledge does not occur in Arabidopsis.  
Apart for the difference in cell size and the interruption of the pericycle by the proto-xylem, 
variations were found in cell wall thickness. Epi-fluorescence microscopy of unstained vibratome 
sections revealed smaller xylem-pole pericycle cells with thick, auto-fluorescent cell walls, while 
the large pericycle cells at the phloem poles had thinner cell walls and lacked auto-fluorescence 
(figure 3J). This further corroborates the heterogeneous character of the pericycle in maize, which 
is at least partially associated with the maturation of the vasculature.  
Auxin response in the maize root is mainly localized in vascular tissues 
Auxin plays an important role in plant development and lateral root formation. However, no 
detailed information is available on auxin responses in the maize root. A maize marker line 
expressing RFP (red fluorescent protein) under control of a DR5 auxin responsive promoter 
(Mohanty et al., 2009, Ulmasov et al., 1997) was used to analyze the spatial characteristics of 
auxin response in the primary root. This marker line reports the sites where strong degradation 
activity of the inhibitory Aux/IAA proteins occurs and can thus be regarded as an auxin response 
maximum marker, but cannot be used to monitor actual auxin concentrations in the tissue.  
Longitudinal sections through the root tip revealed auxin response maxima in the root cap, 
epidermis and vascular tissues (figure 4A). On transverse sections, starting at the root tip, RFP 
signal was first observed in the large meta-xylem precursor cells (figure 4B) and in the proto-
xylem poles (figure 4C). Because auxin is involved in the differentiation of xylem elements 
(Yoshida et al., 2009, Dettmer et al., 2009), these auxin response maxima are most probably 
linked to this differentiation process. About 300-400 µm higher, fluorescent signal was also 
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observed in cells at the phloem poles, in addition to the auxin maxima at the xylem poles 
(figure 4D). Closer inspection of these sections revealed auxin response maxima in cells 
surrounding the protophloem elements, possibly companion cells, but not in the pericycle cells 
(figure 4D, inset). At around 5 mm from the root tip, only the RFP signal at the level of the phloem 
 
Figure: 4 Auxin response in the maize root, visualized by DR5::RFP. (A) Longitudinal section 
through the root tip. (B-E) Subsequent transversal sections through the apical 5mm of the root 
tip. (B) Signal appears first in the precursors of the late meta-xylem. (C) Signal appears in the 
proto- and early meta-xylem. (D) An auxin maximum is formed at the phloem poles. Inset shows 
that RFP is visible in the cells between the proto-phloem (*) and the (future) phloem (Ph) No 
signal in the pericycle (Pc). (E) At 5 mm from the tip, signal at the phloem poles still remains. (F-H) 
Auxin response during lateral root formation. (F) In early stages signal is found in dividing 
pericycle and endodermis cells. (G) An auxin maximum is formed at the tip of the growing 
primordium. (H) Auxin maxima at the level of vascular connection with the parent root. 
Bar=200 µm (A,E); Bar=100 µm (B-D, F-H). 
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poles remained (figure 4E). Although a role for these auxin maxima in differentiation cannot be 
excluded, this seems unlikely, as the signal is localized in the surrounding cells and remains in 
more mature parts of the root. As the auxin maximum corresponds to the place where lateral 
roots will be formed in more mature parts of the roots, it might have a role in the competence of 
these cells for lateral root initiation, in analogy with the oscillating auxin response maxima in 
Arabidopsis (De Smet et al., 2007, Moreno-Risueno et al., 2010). Unfortunately, our method does 
not allow to detect variable intensities over time or in specific zones. 
Between 10 and 15 mm from the root tip, fluorescence was found in a young lateral root 
primordium (figure 4F). During further development of the lateral root, auxin maxima were 
formed at the tip of the primordia (figure 4G). Also in the parent root at the level of the stele, 
where the vascular connection with the lateral root is established, a strong auxin response was 
detected, particularly at the xylem poles (figure 4H), pointing to a role for auxin in the formation 
of a vascular connection between the lateral and the parent root. 
Together, the specific distribution of the auxin maxima argue for a role of auxin in xylem 
differentiation, lateral root positioning, and lateral root initiation and development in maize. 
Inhibition of auxin transport prevents lateral root initiation and perturbs the formation of auxin 
response maxima 
In several plants, such as Arabidopsis and rice, treatment with 1-N-Naphthylphthalamic acid (NPA), 
an auxin transport inhibitor, prevents the formation of lateral roots (Casimiro et al., 2001, 
Sreevidya et al., 2010). Further, it was shown that 
the recurrent auxin maxima in the protoxylem in 
Arabidopsis do not occur in the presence of NPA 
(De Smet et al., 2010). To study the effect of 
impediment of auxin transport on the formation of 
lateral roots an the localisation of the auxin 
maxima in maize, plants were grown in the 
presence of NPA. In 7-days-old NPA-treated 
seedlings, no emerged lateral roots could be found 
(figure 5). In DR5::RFP plants germinated and 
grown in NPA for 3 days, the clear auxin response 
maxima present in the vasculature of control roots 
(figure 4A) were not found (figure 6A). Instead, a 
diffuse signal was observed in the stele and in 
 
Figure 5: Effect of NPA treatment on 
lateral root formation. (A) Control plant of 
seven days, grown in water. (B) Plant of 
seven days grown in NPA, devoid of lateral 
roots. Bar= 2 cm 
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cortex tissues, indicating NPA treatment disrupts the normal auxin distribution and/or response in 
the root. On transverse sections, a fluorescence maximum was still found in the precursors of the 
meta-xylem, however, the fluorescence was less clear in the rest of the xylem (figure 6B). A more 
diffuse signal was spread over the stele and the inner layers of the cortex, and no auxin maximum 
was formed at the level of the phloem poles. In older parts of the root, where in normal 
conditions the fluorescence signal remained at the phloem poles (figure 4E), RFP signal was more 
diffusely distributed over the whole stele without clear maxima (figure 6C).  
Despite the disturbed auxin gradient, the differentiation of the proto-phloem seemed not to be 
affected at the cellular level, but was even completed closer to the root tip than in control plants 
(figure 7A, B). This effect might be attributed to the slower growth rate of NPA-grown plants 
(Rahman et al., 2007), which implies that cells at a similar distance from the root tip are older and 
thus more differentiated in NPA-treated roots. Nevertheless, even at 5 mm and 10 mm from the 
tip, pericycle cells were found with a large central nucleus surrounded by cytoplasm (figure 7C), 
and numerous smaller vacuoles (figure 7D), both characteristic of meristematic cells. This 
suggests that the NPA treatment keeps pericycle cells in a undifferentiated or cell division 
competent state.  
The effect of long-term NPA treatments on pericycle cell division was evaluated in sections from 
roots grown in NPA for 5 days. In several roots, zones with ectopic divisions in pericycle and 
endodermis cells were observed, resulting in multilayered structures, both at the xylem and 
phloem poles (figure 7E-G). However no organized lateral root primordia were formed. This 
phenotype shows strong similarity to auxin-treated roots of the weak alleles of gnomR5, an 
Arabidopsis mutant with disturbed cell polarity. Although this mutant does not form lateral roots 
in control conditions, treatment with the synthetic auxin variants 1-naphthaleneacetic acid (NAA) 
or 2,4-dichlorophenoxyacetic acid (2,4D) leads to random pericycle cell proliferation (Geldner et 
 
Figure 6: Auxin response in roots grown in NPA. (A) Longitudinal section through the root tip. (B) 
Despite a diffuse signal spread over the stele and inner cortex, auxin maxima are found in xylem cells. 
(C) No clear auxin maxima are formed at the phloem poles. Bar= 200 µm (A), bar=100 µm (B,C) 
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al., 2004). This phenotype is the consequence of a disrupted localization of the PIN1 auxin export 
protein, hampering the formation of the auxin gradient needed for lateral root initiation and 
development (Geldner et al., 2004, Geldner et al., 2003). In maize, the endogenous auxin 
concentrations might be sufficient to induce cell division, while NPA treatment prevents the 
formation of localized auxin maxima and leads to ectopic, proliferative divisions. Transfer of 5-day 
old NPA-grown plants to NAA, resulted in the formation of lateral roots at nearly every phloem 
pole (figure 8). 
 
Figure 7: Effect of NPA treatment on vascular differentiation and pericycle differentiation. (A) 
Transversal section through a control root at 650µm from the root tip. Proto-xylem vessels are not 
yet recognizable. (B) Transversal section through a root grown in NPA, at 650µm from the root tip. 
All proto-xylem vessels can be recognized. (C-D) Transmission electron microscopy images of the 
pericycle. Large central nuclei at 5 mm from the tip (C), and several smaller vacuoles at 10 mm 
from the tip (D), indicating the pericycle is not fully differentiated. (E-G) Ectopic divisions lead to 
multilayered pericycle and endodermis. Pc:pericycle; Asterisk: phloem; X: xylem. Bar=10 µm (C,D), 
Bar=50 µm (G), Bar=100 µm (A, B,E,F).  
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Conclusions 
A comparable vascular build-up of auxin response maxima is crucial for lateral root formation in 
both monocots and dicots, and hints to the existence of evolutionary conserved cell-to-cell 
communication systems between the vasculature and neighbouring cell layers. Our results further 
show that, in parallel with Arabidopsis, non-polarized auxin distribution may result in non-
formative divisions and that orchestrated auxin distribution patterns are required to induce 
formative cell divisions in maize (figure 9). 
  
Figure 8: Transfer to NAA after long-term NPA treatment results in the formation of lateral roots 
at most of the phloem poles. Bar = 100 µm.  
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Figure 9: Schematic overview of the main conclusions. (A) Prior to vascular differentiation, the 
pericycle (Pc) forms a homogeneous cell layer, and a strong auxin maximum is present in the 
large precursors of the late meta-xylem (LMX). (A’) This auxin maximum is also formed during 
NPA treatment, despite a diffuse auxin response spread over the stele. (B) Together with the 
maturation of the proto-phloem (PP), a difference in cell size becomes apparent between cells in 
contact with the proto-phloem and other pericycle cells. Auxin accumulates in the precursors of 
proto-xylem (PX) and early meta-xylem (EMX). (B’) NPA treatment has no obvious effect on the 
auxin maxima at the xylem poles. (C) In the cells surrounding the protophloem and phloem (P) an 
auxin maximum is formed. (C’) NPA treatment prevents the formation of an auxin maximum at 
the phloem poles. (D) Lignification of proto-xylem cell walls, the pericycle layer is interrupted by 
the xylem. Only the auxin maxiumum at the phloem poles remains. (D’) No auxin maxima are 
formed in NPA treated roots. (E) Lateral roots are initiated from pericycle cells between the 
xylem poles. During lateral root formation, an auxin gradient is formed with a maximum at the 
tip of the primordium (LRP). (E’) NPA prevents the formation of lateral roots. No auxin maxima 
are formed, and random divisions take place in pericycle and endodermis, resulting in multi-
layered structures.  
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Materials and methods 
Plant growth  
Analysis of auxin response was performed with a DR5::RFP line (http://maize.jcvi.org/cgi-
bin/maize/cellgenomics/geneDB_list.pl), for other experiments B73 Zea mays inbred line was 
used. Kernels were surface sterilized in 6% NaOCl for 5 minutes and rinced 3 times with water. 
Germination and growth took place in water using a paper roll system described before (Woll et 
al., 2005) in continuous light at 27°C. For NPA treatment, plants were grown in 50 µM NPA 
(Duchefa). For NAA treatment, plants were transferred to 50 µM NAA (Sigma-Aldrich). Unless 
stated differently, analyses were performed on 3-day old seedlings. 
Histology and histochemestry 
Feulgen staining Roots were fixed overnight at 4°C in 4% para-formaldehyde 1 % 
glutaraldehyde, in phosphate buffer, and rinsed in water. After a 10 min maceration in 1N HCl at 
60°C, roots were rinsed in water and stained with Schiff’s Fuchsin-sulfite reagent (Sigma-Aldrich) 
for about 30 min. After staining material was incubated 3 times 10 minutes in K2S2O5 solution 
(5 ml 1N HCl, 5 ml 10% K2S2O5, 100 ml H2O) and rinsed with water. 
Observation of mitotic figures Roots were fixed overnight in a mixture of Ethanol and Acetic acid 
(3:1). After Feulgen staining, cortex and epidermis tissues were removed from the stele (Saleem 
et al., 2010). Roots were mounted in 50 % glycerol and observed with a Zeiss Axio-Vert135M epi-
fluorescence microscope  equipped with a MAC 5000 controller system including a MAC2 XY 
motor stage controller and a Z-axis/focus controller (Ludl Electronic Products Ltd.). Filter set for 
Rhodamine was used (excitation 546/12 nm; beamsplitter 580 nm; emission 590 nm). The 
observation was performed on 13 roots. 
Sectionning After fixation and Feulgen staining, root fragments of 5 mm were dehydrated and 
infiltrated with Technovit 7100 (Heraus Kulzer) as described by (Beeckman and Viane, 1999). A 
first embedding step was done in small moulds of 6-3-4 mm. For longitudinal sections, the 
method of (Beeckman and Viane, 1999) was used, transverse sections were made as described by 
(De Smet et al., 2004), using an ultramicrotome (Reichert-Jung Supercut 2050, Germany). Sections 
were stained with 0.01 % toluidine blue, 0.1 % methylene blue, or 0.05 % ruthenium red and 
mounted with DePeX (Gurr, BDH Laboratory). Observations were made with an Olympus DX51 in 
combination with a Nikon DS-Fi1 camera. Cell surface was measured with ImageJ software 
(http://rsbweb.nih.gov). 
Localization of auxin response Roots were fixed in 4 %para-formaldehyde in phosphate buffer for 
at least 1 hour at 4°C. Root fragments of 5 mm were embedded in 6 % agarose with  0.5 % 
gelatine and sections of 100 µm were cut with a vibratome, mounted with distilled water and 
immediately observed with a Zeiss Axio-Imager epi-fluorescence microscope. Filter set for 
Rhodamine was used (excitation 546/12 nm; beamsplitter 560nm; emission 575/64 nm). Images 
taken with an AxioCam (Zeiss).  
Autofluorescence  Auto-fluoresence was detected on vibratome sections observed with a 
Zeiss Axio-Imager and images taken with an AxioCam (Zeiss). Two filter sets were used: CFP/YFP 
(excitation 427/14 and 504/17 nm; beamsplitters 440 and 520 nm; emission 464/32 and 
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547/43 nm, figure 2F) and DAPI (excitation 470/40 nm; beamsplitter 495 nm; emission 525/50 nm; 
figure 2H) 
Transmission electron microscopy For TEM, two different fixation methods were used. For 
high-pressure freezing (figure 2A,E), root segments were taken at the meristem, and at 5 mm 
from the tip, and briefly immersed in 20% (w/v) BSA and frozen immediately in a high-pressure 
freezer (EM Pact, Leica Microsystems, Vienna, Austria). Freeze-substitution was carried out using 
a Leica EM AFS in dry acetone containing 0.1% Uranylcetate, 1% (w/v) OsO4 and 0.2% 
glutaraldehyde over a 4-days period as follows: -90°C for 26 hours, 2°C per hour increase for 15 
hours, -60°C for 8 hours, 2°C per hour increase for 15 hours, and -30°C for 8 hours. Samples were 
then slowly warmed up to 4°C, infiltrated stepwise over 3 days at 4°C in Spurr’s resin and 
embedded in capsules. The polymerization was performed at 70 °C for 16 h. For chemical fixation 
(figure 2D, figure 4D,E), root fragments taken at 5 and 10 mm from the tip were excised on 0.5 cm 
and 1 cm and immersed in a fixative solution of 2,5% glutaraldehyde and 4% formaldehyde in Na-
Cacodylate buffer 0.1M with CaCl2 (20 mg/100ml), placed in a vacuum oven for 30 min and left 
rotating for 3 hours at room temperature. This solution was later replaced with fresh fixative and 
samples were left rotating over night at 4° C. After washing samples were post fixed in 1% OsO4 
with K3Fe(CN)6 in 0.1M NaCacodylate buffer, pH 7.2. Samples were dehydrated through a graded 
ethanol series, including a bulk staining with 2% uranyl acetate at the 50% ethanol step followed 
by embedding in Spurr’s resin. Ultrathin sections were made using an ultramicrotome (Leica EM 
UC6) and post-stained in in a Leica EM AC20 for 40 min in uranyl acetate at 20 °C and for 10 min in 
lead stain at 20 °C. Grids were viewed with a JEM 1010 transmission electron microscope (JEOL, 
Tokyo, Japan) operating at 80 kV. 
Treatment of the images For all methods, pictures were processed with Photoshop CS4. 
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Abstract 
The study of biological processes contributing to plant growth can be complicated by the 
small number of cells involved and by the brief and sudden appearance of some crucial 
developmental steps. Given such troublesome circumstances, methods to monitor the 
timing or to increase the number of concerned cells can be of great advantage to 
researchers. Lateral root initiation is a process taking place endogenously in a discrete 
number of cells of the parent root. It represents the onset of the formation of a new 
meristem and provides the below ground part of the plant the ability to react on 
environmental conditions such as nutrient and water availability. Insights into the 
underlying mechanisms of this developmental event can be of major importance to 
provide means of improving tolerance to nutrient and water deficient conditions. The 
exact timing and site of lateral root initiation are, however, impossible to predict, 
hampering exhaustive studies of the sequence of events directing this process. Here, we 
present a method to synchronize the induction of lateral roots in Arabidopsis thaliana and 
maize. By initially preventing the formation of lateral roots in young seedlings and 
subsequently inducing lateral root initiation, this method not only allows controlling the 
process in time but also enlarges significantly the population of cells involved, opening up 
the way to systems biology approaches. 
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Introduction 
In spite of being underestimated for a long time, plant roots gain nowadays more and more 
interest from researchers because their importance for plant growth has become increasingly 
clear (Gewin, 2010; Glover et al., 2007). Some crop species, like maize and rice, have an extensive 
root system consisting of embryonic and post-embryonic roots. A common feature of all these 
root types is the formation of lateral roots, which significantly contributes to the proliferation of 
the total root system. Lateral roots represent a means for plants to screen the surrounding soil 
more efficiently for water and nutrients, thereby increasing the absorptive capacity of the root 
(Ito et al., 2006; Varney and Canny, 1993).  
Plant roots are composed of different cell types organized in concentric layers surrounding the 
vascular tissues. In the model plant Arabidopsis thaliana this vasculature is diarch, with two xylem 
and phloem poles (see fig. 1A) (Dolan et al., 1993). In other plants, like maize and rice, the 
vasculature has a poly-arch structure with multiple alternating xylem and phloem elements (see 
fig. 1B) (Hochholdinger et al., 2004). The pericycle encloses the vascular tissues, which in turn is 
surrounded by the endodermal, the cortical and the epidermal cell layers. Lateral root formation 
in angiosperms is initiated by a discrete number of pericycle cells, called “founder cells”. In 
Arabidopsis, but also in onion, radish and sunflower, these founder cells are located at the xylem 
poles, while in maize, rice and carrot, pericycle cells at the phloem poles are particularly prone to 
lateral root initiation (Casero et al., 1995; Dolan et al., 1993; Malamy and Benfey, 1997; Rebouillat 
et al., 2009). The first step in lateral root formation is an asymmetric anticlinal division that occurs 
 
Figure 1: Transverse sections through the Arabidopsis (A) and maize (B) root. Lateral root 
primordia (LRP) are initiated in pericycle (P) cells. The pericycle encloses the vascular bundle with 
xylem (X), phloem (Ph) and meta-xylem (Mx) vessels. Endodermis (E), cortex (Co) and epidermis 
(Ep) surround the pericycle. 
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simultaneously in 3 or more neighboring pericycle founder cells (Dubrovsky et al., 2001; Laskowski 
et al., 1995; Sussex et al., 1995). Further periclinal and anticlinal divisions lead to the formation of 
a dome-shaped primordium which eventually emerges from the parent root (Malamy and Benfey, 
1997). The timing and site of occurrence of the first divisions are however hard to predict 
(Dubrovsky et al., 2006). Together with the small number of cells involved, it significantly 
complicates the study of lateral root initiation. 
The plant hormone auxin plays a crucial role in different aspects of lateral root formation. The 
first asymmetric divisions are preceded by locally increased auxin levels (Dubrovsky et al., 2008). 
During primordium formation the establishment of an auxin gradient is indispensible to obtain a 
functional lateral root (Benková et al., 2003). Finally, the emergence of the lateral root from its 
parent root is facilitated by the expression of auxin-induced genes (Swarup et al., 2008). 
Overproduction (e.g. sur1; Boerjan et al., 1995) or exogenous application of auxin leads to 
increased lateral root formation, while inhibition or defects in auxin transport (e.g. pin-mutants; 
Benková et al., 2003) and response (e.g. slr; Fukaki et al., 2002) prevents lateral root initiation or 
leads to aberrantly shaped primordia. The strong lateral-root-inductive feature of auxin has led to 
the establishment of a lateral root inducible system (LRIS) for Arabidopsis (Himanen et al., 2002). 
Germination of Arabidopsis seeds on the auxin transport inhibitor N-1-naphthylphthalamic acid 
(NPA) prevents the initiation of lateral roots. Transfer of NPA-incubated seedlings to the synthetic 
auxin naphthalene acetic acid (NAA) rapidly activates pericycle cells over a large part of the root 
that will subsequently divide and give rise to lateral roots. Such an inducible system provides the 
opportunity to steer the lateral root initiation process allowing to disentangle the course of 
events in time, and significantly increases the number of cells involved. 
Here, we test and optimize the LRIS for lateral root induction in maize primary and adventitious 
roots, and we provide a detailed description of the LRIS for use in Arabidopsis and maize. As the 
role of auxin in the initiation and further development of lateral roots seems to be highly 
conserved among plants, this system will be applicable to many other plant species, thereby 
providing a versatile method to study root architecture.  
A lateral root inducible system for maize primary and adventitious roots  
Auxin appears to be a key player in root branching, not only in Arabidopsis, but also in species 
with a larger root system such as maize and rice (McSteen, 2010). Therefore, we tested the effect 
of the addition of exogenous auxin on lateral root formation in maize, as well as the inhibition of 
auxin transport by N-1-naphthylphthalamic acid (NPA). Addition of the synthetic auxin 1-
naphthaleneacetic acid (NAA) had a strong inducible effect, while treatment with NPA completely 
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blocked lateral root formation (see table 1). 
Other compounds tested, as indole-3-butyric 
acid (IBA) and sodium nitroprusside (SNP), 
described as positive regulators of lateral root 
formation (Chhun et al., 2003; Correa-
Aragunde et al., 2004), had only minor effects 
on the number of lateral roots formed in 
maize under our growth conditions (see 
table 1). Although kinetin, an inhibitor of 
lateral root initiation in rice (Rani Debi et al., 
2005), drastically reduced lateral root density, 
occasionally a lateral root was still formed (see 
table 1).  
Consequently, concentrations and timing of NPA and NAA application were further optimized. For 
the primary root, best results were obtained when kernels were germinated and grown in paper 
rolls containing NPA prior to induction with NAA. Alternatively, for the adventitious roots, plants 
were first grown in water until adventitious root primordia emerged, to allow normal 
development, and then subjected to successive NPA and NAA treatments. As such, we 
successfully developed a lateral root inducible system (LRIS) for maize, applicable to the primary 
and the adventitious roots. In this system the initiation of lateral roots is prevented by NPA, while 
subsequent transfer to NAA synchronously induces a large number of lateral roots (see fig. 2). 
  
 
Table 1: Effect of different compounds on the 
lateral root density (LRD) in maize. After 7 days 
of growth, the root length and number of 
emerged lateral roots was counted for 10 
plants, and the LRD was calculated as the ratio 
of the number of lateral roots over the primary 
root length. The values represent the % of the 
LRD compared to the water-grown control 
plants. 
  
 
Figure 2: Lateral root inducible system. Seedling 
roots grown in paper rolls filled with (A) water or 
(B) NPA solution for 6 days. (C) Root of a seedling 
grown in paper rolls filled with NPA solution for 3 
days, treated with NAA for 24 hours and transferred 
into water for 3 extra days for lateral root 
outgrowth. 
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Materials 
Arabidopsis 
1. 70% Ethanol 
2. Prepare a fresh sterilization solution: 3.85 ml NaOCl stock (12% Cl), 5 µl 
Polysorbate 20 (Tween® 20), up to 10 ml with water.  
3. Sterile distilled water. 
4. Square Petri dishes, 120x120x17 mm (e.g. Greiner Bio-One cat. no. 688102). 
5. Breathable tape to seal the Petri dishes (e.g. 3M MicroporeTM
6. Growth medium (1L) : 2.154 g Murashige and Skoog (MS) salt mixture, 10 g 
sucrose, 0.1 g myo-inositol, 0.5 g 2-(N-morpholino)ethanesulfonic acid (MES) in 
distilled water. Adjust the pH to 5.7 with 1 M KOH, add 8 g agar. Autoclave. 
 cat. no. 1530-1). 
7. Prepare a 25 mM stock solution NPA and a 50 mM stock solution NAA in 
dimethylsulfoxide (DMSO) (see Note 1). 
8. Sterile forceps, curved (e.g. Dumont style 5/45). 
9. 200 µl micropipette with sterile tips (see Note 2).  
10. Growth cabinet 21°C, continuous light. 
 
Maize 
1. Sterilization solution: 6% NaOCl. 
2. Sterile distilled water. 
3. Glass tubes, approx. 6 cm diameter, 14 cm height, e.g. centrifuge tubes 250 ml 
(Duran® catalog no. 21 601 36) (see Note 3).  
4. Absorbing paper or germination paper (e.g. Scott Rollwipe 6681 or Anchor Seed 
Germination Paper) (see Note 4). 
5. Forceps with blunt ends (e.g. VWR cat. no.232-1982). 
6. Prepare a 25 mM stock solution NPA and a 50 mM stock solution NAA in DMSO 
(see Note 1). 
7. Growth cabinet 27°C, continuous light, 70% rel. humidity (see Note 5) 
Methods 
Sterilization of Arabidopsis seeds 
1. Distribute the seeds in micro-centrifuge tubes (see Note 6).  
2. Add 1 ml of 70% ethanol. Invert or gently shake for 2 min. 
3. Replace the ethanol by 1 ml sterilization solution for 15 min. Invert the tubes several 
times to make sure all seeds come in contact with the solution (see Note 7). 
4. In a laminar flow cabinet, rinse the seeds 5 times for 5 min with 1 ml sterile distilled 
water. Before each new rinsing step the seeds can be collected at the bottom of the 
tube by a short centrifugation step. 
5. Store the seeds at 4°C in the dark for at least 2 days (see Note 8).  
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Lateral root induction in Arabidopsis 
1. Prepare plates for in vitro growth. Count on 50 ml of growth medium per plate, and 
add either 20 µl of NPA stock solution or 10 µl of NAA stock per plate, to obtain a final 
concentration of 10 µM (see Note 9). Homogenize upon addition.  
2. Sow the seeds on NPA-plates with the use of a 200 µl pipette. Pipette up and down a 
couple of times to re-suspend the seeds, then take up approx. 150 µl water with 10-
20 seeds and wait till the seeds sediment at the bottom of the tip. When touching the 
agar gently with the cut tips, a drop of water with a seed will be released from the tip. 
Per plate approx. 100 seeds can be sown (10 rows of 10 seeds). Seal the plates with 
breathable tape. 
3. Move the plates to the growth cabinet for 5 days (2 days of germination and 3 days of 
growth) in a near-vertical position (see Note 10). 
4. Transfer the seedlings to the plates supplemented with 10 µM NAA (see Note 11). The 
arms of the curved forceps can be hooked under the cotyledons of the seedling. 
Picking them up as such prevents damage to the plantlets. Make sure plant roots 
make good contact with the NAA-containing agar medium. This can be achieved by 
skimming the root over the agar surface over a small distance. If needed, press the 
root gently to the agar surface with the forceps. 
5. Seal the new plates and place them in the growth cabinet in near-vertical position.  
Surface sterilization of Maize kernels 
Although the growth of maize does not take place in sterile conditions, kernels are 
surface sterilized, and sterile water is used for growth to reduce contamination to a 
minimum.  
1. Bring the kernels in a beaker with 100 ml sterilization solution and gently stir for 5 min 
manually or using a magnetic stirrer or a shaker. 
2.  Rinse 3 times 5 min with sterile water. 
Lateral root induction in maize 
In this protocol we explain a system to induce and synchronize lateral formation in the 
primary root of maize. It can be adapted for the induction of laterals in adventitious roots 
(see Note 12). 
1. Fill the glass vials halfway with a solution of 50 µM NPA in distilled water. When using 
the centrifuge tubes this corresponds to 125 ml water and 250 µl NPA stock solution 
(see Note 13). 
2. Prepare paper strips of about 100 cm in length, 25 cm height and at least 4 layers 
thick. For the Scott Rollwipe this corresponds to two layers of two sheets, folded 
double over the length. 
3. Distribute the kernels in one line on the paper with blunt forceps, at about 2 cm from 
the top, with an interspace of 7-10 cm and the radicle of the kernel pointing down 
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(see fig. 3A). Roll the paper over the length, make sure the kernels stay in place (see 
Note 14). 
4. Put the paper roles in the prepared tubes. A large part of the liquid will be 
immediately taken up by the paper (see fig. 3B,C). Make sure the paper is moisturized 
till the top (see Note 15).  
5. Transfer the tubes to the growth cabinet for 64h (see Note 16 and Note 17). 
6. Fill new tubes with a same volume of sterile distilled water as before, and a working 
concentration of 50 µM NAA (see Note 18). For the tubes this corresponds to 125 ml 
water and 125 µl NAA. 
7. Transfer the paper roles with the germinated seeds to the new tubes. Gently squeeze 
the paper to remove excess of NPA liquid and place the tubes in the growth cabinet.  
 
Applications  
A plethora of reporter lines and mutants is available in Arabidopsis. In combination with the 
described inducible system they can be used to follow the expression pattern of specific genes 
during lateral root formation or to elucidate their function in the process (Himanen et al., 2002; 
Vanneste et al., 2005). Expression levels of specific genes can be followed by quantitative RT-PCR 
(qPRT) (Laplaze et al., 2007), or transcriptome analysis can be done with micro-array (Vanneste et 
 
Figure 3: Illustration of the paper roll system. (A) Kernels are spread on top of paper strips with 
their radicle pointing down. (B, C) The paper is rolled over the length and placed in glass tubes. 
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al., 2005) or deep sequencing. When whole roots are sampled, it is recommended to cut off the 
root tip to avoid interference with processes taking place in the apical meristem. In this case 30 
plants per condition yield sufficient RNA. GAL4-GFP enhancer trap lines offer the possibility to 
isolate specific cell types via fluorescence-activated cell sorting (FACS)(Laplaze et al., 2005). As 
such it is for instance possible to perform high resolution transcriptome analysis on those cells 
competent for lateral root initiation (De Smet et al., 2008). The RNA yield is influenced by the 
expression pattern and strength of the fluorescence signal, preparation of the samples for FACS, 
and by the efficiency of the sorting process itself. Therefore at least 1000 plants should be 
sampled per condition, and an RNA amplification step might be required.  
 The time-points at which samples should be taken depend on the process of interest. The early 
events following lateral root induction in Arabidopsis have been characterised using marker lines 
available for different processes. Upon transfer to NAA the auxin response is rapidly induced, 
which can be followed with the synthetic auxin response element DR5 fused to a reporter gene 
(Ulmasov et al., 1997). After about 1.5 h on NAA, auxin response can be detected in the apical 
part of the root, and after 3 h over the entire root. Also the pericycle cell divisions first take place 
in the apical part, about 6h after the transfer, while at 12 h the complete pericycle is dividing 
(Himanen et al., 2002). 
Up to now, the choice of marker lines in maize is limited. The efficiency of the lateral root 
induction can be assessed by observing mitotic figures after staining the root with Feulgen DNA 
stain (De Tomasi, 1936). In maize it is possible to separate cortex and epidermis from stele tissues, 
which makes the pericycle accessible for observation with an epifluorescence microscope (Saleem 
et al., 2010). Timing of the events in maize or other species is not necessarily the same as in 
Arabidopsis, and can vary with the concentrations of compounds used in the experiment. The 
induced roots can for instance be used for gene expression analysis by qPCR, transcriptome or 
proteome analysis. Separating cortex and stele tissues can help to increase the specificity of the 
sampled tissues. Although for maize a 2 cm root can already be sufficient for RNA extraction, it is 
recommended to pool material from several roots to cope with variation. Specific cells or tissues 
can be isolated by laser capture micro-dissection on frozen or paraffin sections (Liu et al., 2010).  
Notes 
1.  These solutions can be stored for several weeks at 4°C or at -20°C. 
2. Cut the first 1-2 mm off the tips with a scalpel or single edged razor blade (e.g. 
GEM scientific blades). The cut tips will be used for the sowing of Arabidopsis 
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seeds, which is facilitated by a larger tip opening, better adapted to the size of the 
seeds. 
3. The proposed centrifuge tubes are suited for the germination of up to 12 kernels. 
Also narrow glass beakers can be used, e.g. a 400 ml beaker with dimensions 80 x 
150 mm. The volumes mentioned further in the protocol correspond to the use of 
the 250 ml centrifuge tubes. Different volumes might be needed when using 
beakers or other vials. 
4. For young seedlings of up to 3-4 days after germination, normal hand tissue paper 
can be used. As plants grow older, the roots tend to grow through the paper, 
complicating observation or sampling. In this case alternating a layer of tissue 
paper and germination paper is recommended, with the germination paper in 
contact with the roots.  
5. Controlled humidity is not indispensable, but high humidity facilitates germination 
and growth of the seedlings and prevents evaporation of the solutions.  
6. In 1.5 or 2 ml tubes respectively up to 20 or 40 mg of seeds can be sterilized. For 
large-scale experiments, sterilization of up to 1 g of seeds can be done in 15 ml 
Falcon tubes, using 10 ml solution in subsequent steps. The amount of seeds 
needed depends on the purpose of the experiment (see section 3.5). 
7. As Arabidopsis is grown in sterile in vitro conditions, all following steps should be 
performed in aseptic conditions. 
8. This step acts as a stratification which is needed to synchronize seed germination. 
9. The compounds should be added to liquid sterilized medium that is cooled down 
to a temperature of about 60°C. Higher temperatures impair the stability of the 
compounds.  
10. Racks for vertical plates can be easily made. For instance aluminum U-profiles of 
2 cm width and 1.5 cm height  fixed at least 3 cm from each other can be used to 
keep the plates in the correct position.  
11. As NPA disturbs the gravitropic responses, roots might leave the surface of the 
agar medium. To make sure all roots used for induction are devoid of lateral root 
initiation sites, only transfer those plants of which the roots were in close contact 
with the medium. At this step a loss of 30-40% of the plants should be taken into 
account.  
12. For the induction of lateral roots on the first series of adventitious roots of maize, 
grow the plants in water till the adventitious roots start to emerge (approx. 
6 days). At this point, transfer the plants to NPA for 4 days. Induction is done by 
transferring the plants to NAA, as described for the primary root. 
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13. We tested a concentration range of 10-50 µM NPA. Although we occasionally 
observed divisions in endodermis and pericycle, no laterals were formed after 
several days. However, to avoid non-relevant cell divisions to the most, and to 
increase induction, we generally use a concentration of 50 µM for the primary 
root and 25 µM for adventitious roots. 
14. Humidifying the paper beforehand facilitates spreading of the seeds and rolling of 
the paper. 
15. Particularly when higher paper rolls are used, it might be needed to humidify the 
top of the paper rolls by over-brimming them with part of the liquid, or even to 
increase the volume of the solution. 
16. The paper should stay humid at all times. In case no controlled humidity is 
available in the growth cabinet, liquid might evaporate before this time. In this 
case it is recommended to add some extra water and NPA to avoid drying of the 
paper. 
17. The roots of the seedlings should be about 2 cm long before proceeding to 
induction. Depending on the line, the quality of the kernels and the growth 
conditions, seed germination and growth might be delayed. In this case the 
incubation time should be extended.  
18. Use for NAA the same concentration as the one used for NPA. 
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Abstract 
Lateral roots play an important role in the exploration of the soil and the uptake of 
nutrients needed for the plants’ growth. The initiation of lateral roots takes place in 
specific cells, located in the pericycle of the parent root. The place and timing of an 
initiation event can not be predicted, which complicates the study of this process. In the 
model plant Arabidopsis thaliana, synchronized induction of lateral roots has led to the 
identification of a set of lateral root initiation genes. Maize has a more complex root 
system than Arabidopsis, and knowledge of regulatory mechanisms involved in root 
branching is still very limited. Here, we describe a method to induce lateral roots in the 
primary and adventitious roots of maize, which is then used for transcriptome analysis, in 
order to identify molecular players involved in lateral root initiation in both root types. 
We find a high level of correlation between genes induced during lateral root initiation in 
the primary and in the adventitious roots. Further, comparison of our results in maize 
with transcriptome data from Arabidopsis reveals a common core of lateral root initiation 
genes. We also reveal a link between the transcriptome of a cell and its competence for 
lateral root initiation. We conclude that regulation of lateral root initiation in the primary 
and adventitious roots in maize are highly similar, and that, despite physiological 
differences, conserved mechanisms exist between maize and Arabidopsis lateral root 
initiation.  
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Introduction 
Roots have a critical role in water and nutrient acquisition, supporting growth of the aerial parts 
of the plant and seed development (Gewin, 2010, Glover et al., 2007). An extensive and efficient 
root system, comprising numerous lateral roots, allows the plant to explore the soil for water and 
nutrient-rich patches (Lynch, 1995, Ito et al., 2006, Varney and Canny, 1993). Lateral root 
initiation is an endogenous process that takes place in discrete cells of an inner layer, the 
pericycle. As it is impossible to predict the time and place of an initiation event, the study of this 
process is complicated. This problem could be partially circumvented in Arabidopsis thaliana by 
the simultaneous induction of a large number of lateral roots along the main root (Himanen et al., 
2002). Using this lateral root inducible system, genome wide changes in the transcriptome 
accompanying the lateral root initiation process could be documented, and an extensive 
compendium of lateral root initiation genes was identified (De Smet et al., 2008, Parizot et al., 
2010, Vanneste et al., 2005).  
The architecture of the cereal root system is much more complex compared to the simple body 
plan typical of the Arabidopsis root. During embryogenesis, two different root types are initiated: 
a primary root which appears early after germination, and a variable number of seminal roots that 
occur on the scutellar node (Feldman, 1994). During the first weeks of their development, new 
adventitious roots are formed at nodes below and above soil level. All different root types form 
lateral roots, which means a significant extension of the already elaborate root system (Feix et al., 
2002). The identification of root-type specific lateral root mutants in maize suggests the existence 
of different regulatory mechanisms involved in branching of the primary root as compared to 
adventitious roots (Hochholdinger et al., 2004a). In maize there are, up to now, several reports 
comparing the transcriptome and proteome of pericycle cells with other cell populations or with 
mutants impaired in lateral root formation, that were conducted in order to understand the 
processes involved in root branching (Dembinsky et al., 2007, Liu et al., 2010, Woll et al., 2005b, 
Liu et al., 2006, Hochholdinger et al., 2001). However, by the lack of an experimental setup to 
control the formation of lateral roots in this species, it remained complicated to correlate 
differential gene expression directly with the process of lateral root formation. 
Here, we used a lateral root inducible system (LRIS) designed for maize primary and adventitious 
roots (Chapter 3) to identify early regulatory genes involved in lateral root formation. The 
combination of controlled lateral root initiation with the sampling of specific pericycle cells using 
laser capture micro-dissection (LCM) allowed us to follow transcriptional changes during maize 
lateral root initiation in primary and adventitious roots. These data were compared and 
intersected with data available for Arabidopsis. Our comparative study reveals the existence of a 
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common regulatory network for lateral root initiation in primary and adventitious roots, but also 
conserved mechanisms between monocotyledonous and dicotyledonous lateral root initiation. 
Results 
Auxin induces rapid divisions in the pericycle 
A method to synchronize the formation of lateral roots was considered prerequisite to the study 
of regulatory mechanisms involved in lateral root initiation in maize. To this extend a LRIS was 
used, as described in chapter 3. As our interest focuses mainly on early events of lateral root 
formation, it was important to identify the processes taking place soon after induction. To 
characterize cell division dynamics and patterning, primary and adventitious roots were subjected 
to the LRIS. At different time-points after NAA induction, cell divisions in the pericycle and 
endodermis tissues were analyzed. After Feulgen DNA staining and subsequent removal of cortex 
and epidermis, mitotic figures were quantified using epi-fluorescence microscopy. Divisions were 
detected as soon as 3h after induction, both in primary (results not shown) and adventitious roots 
(Figure 1), with a peak between 5 and 10 mm from the root tip. Transversal sections of resin-
embedded root fragments at this level confirmed divisions in pericycle cells already at 3h 
(Figure 2A) and 4h after induction (Figure 2B). Positioning of the DNA suggests that at 7h after 
induction the divisions were periclinal (Figure 2C).  
Figure 1: Cell divisions after lateral root induction in the adventitious roots. Divisions in the 
pericycle and endodermis layers measured at 0, 2, 3, 4, 6 and 9 hours after NAA treatment. The 
horizontal axis indicates the distance from the root tip (from 3 to 15 mm), the vertical axis 
indicates the average number of divisions observed in a range of 1 mm. At least 2 plants were 
observed per time point for 6 independent repetitions (total of 12 roots per time point). The 
trendline is based on a polynomial regression of order 6. 
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In the same region (5-10 mm), the expression level of CYCB1;1 was assessed by quantitative RT-
PCR (qPCR) on RNA extracted from stele and endodermis, and from primary root cortex and 
epidermis tissues. As a marker of G2/M transition, CYCB1;1 is expressed in dividing tissues 
(Hemerly et al., 1992). A peak of expression was observed in stele fragments collected 3h after 
the transfer to NAA (Figure 2D), confirming our microscopic observations. The absence of a 
similar peak in the outer tissues indicates divisions are specific to the stele. Also the expression 
patterns of a selection of other maize cell cycle regulators (Rymen et al., 2007) were tested by 
qPCR on stele tissues. Apart from CYCB2;2, all genes tested were differentially expressed with an 
increase of at least 50% or a reduction of at least 25%. After clustering, we could broadly 
distinguish 4 different expression patterns (Figure 2E): genes down-regulated by the NPA 
treatment (compared to H2O control), genes down-regulated by the auxin treatment, genes up-
regulated during NPA treatment, and genes up-regulated after auxin induction. Particularly A3-
type cyclins and KRP genes were induced by the NPA treatment, while several B-type cyclins were 
up-regulated after transfer to auxin.  
The short time-span between the transfer to NAA and the first divisions is striking, and suggests 
that cells are already residing in G2 phase, so they can move through mitosis soon after transfer. 
Flow cytometry analysis, performed on stele tissues from primary roots to gain insight in the cell 
cycle status, shows a majority of nuclei with 4C DNA content, both in water- and NPA-grown 
plants (Figure 2F). Also two smaller portions of 2C , 8C and 16C cells were detected. Upon transfer 
to NAA, the portion of 2C nuclei gradually increased, at the expense of the 4C fraction. At 4h after 
the start of induction this resulted in a portion of 2C nuclei that is doubled compared to the 2C 
level in NPA conditions. The 8C and 16C fractions remained constant during the treatment. Flow 
cytometry does, however, not allow discriminating between pericycle cells and other stele tissues. 
Therefore, we analyzed the DNA content of a selection of pericycle cells from control, NPA, and 
3h NAA conditions. Successive sections of 6 µm thick were made from resin-embedded primary 
root fragments taken at 5 to 10 mm from the tip. DNA was visualized by epi-fluorescence 
microscopy after DAPI staining and used for densitometric analyses. From each section a picture 
was taken using fluorescence illumination and bright field optics. As such, an overlay of the two 
pictures provided spatial information on the location of each nucleus. For each condition, the 
surface and fluorescence intensity, expressed as mean pixel intensity, of 120-140 pericycle nuclei 
located between the xylem poles were determined. Mean pixel intensities were further 
normalized by subtracting the averaged background pixel intensity and by multiplying by the 
surface of the nucleus to obtain absolute values. Usually, fragments of a nucleus were spread over 
several successive sections. In such cases, individual values were cumulated to obtain the total 
intensity per nucleus. Although the variation between individual nuclei within a sample was large, 
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there was a significant reduction in the intensity of nuclei sampled 3h after the transfer to NAA (t-
test, p-value<0.01; Figure 2G). Between the water-grown control and the NPA-treated sample 
there was no significant difference. Although the labor-intensive nature of the densitometric 
 
 
Figure 2: Cell cycle events after lateral root induction. (A-C) Transversal sections through the 
maize primary root 3h (A), 4h (B) and 7h (C) after induction (bar= 50µm). Arrows indicate 
dividing cells (D) Relative expression level of CYCB1;1 in stele and cortex tissues determined by 
qPCR as a measure of mitotic activity. (E) Relative expression levels of cell cycle genes in the LRIS 
determined by qPCR. (F) Flow cytometry analysis showing the fraction of 2C, 4C, 8C and 16C cells 
in stele tissues. (G) Intensity of DAPI staining in pericycle cells of roots grown in water, NPA, and 
3h after the transfer to NAA. Asterisk indicates significant difference (t-test; p<0.01). 
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method prevented a broad sampling approach, the results obtained are in line with the flow 
cytometry analysis, and point to a mitotic event of 4C nuclei after transfer to auxin. 
Together, these data suggest that during NPA-treatment the pericycle cells remain in G2. Transfer 
to NAA results in a fast release of this cell cycle block and subsequent transition to mitosis, which 
occurs already from 3h on. 
Set-up for micro-array analysis 
Based on previous observations, an experimental design was selected for microarray analysis that 
guaranteed the monitoring of transcriptional changes relating to the onset of pericycle cell 
division. Prior to the large-scaled micro-array experiment, pilot experiments were performed to 
validate the sampling set-up by hybridizing RNA extracted from stele tissues of primary root 
segments between 5 and 10 mm distance from the tip. Lateral roots were induced using the 
previously described LRIS, and material was sampled at 0h (NPA) and after 2h, 3h and 4h of NAA 
treatment. Only one array was done per time-point, and RNA from 3 biological replicates of 8 root 
fragments each was pooled for every time-point. Comparison of the NPA samples to the different 
NAA time-points yielded 2936 unique probesets for which the expression increased at least 2-fold 
after transfer to NAA. To allow comparison with comparable experiments in Arabidopsis, target 
sequences of the Arabidopsis ATH1 array were blasted against the sequences of the maize 
probesets, and up to 2 hits were retained. This yielded a list of 1619 unique Arabidopsis genes, 
which were enriched in proteins with kinase and transferase activity, and in proteins involved in 
cell cycle regulation and auxin stimulus 
(Supplemental table 1). Previously, two 
independent lists of Arabidopsis lateral 
root initiation genes were generated (De 
Smet et al., 2008, Vanneste et al., 2005). 
24% of the genes differentially expressed 
in our experiment also occurred in at least 
one of the Arabidopsis gene sets, with 101 
genes overlapping in all 3 experiments 
(Figure 3). Common genes include PIN1, 
IAA20, LBD16, CYCA2,4, CDKB2,1 and 
several members of the GH3 family. The 
fact that we picked up several genes 
related with auxin response, cell cycle and 
lateral root formation, together with the 
 
Figure 3: Comparison of transcriptome analyses. 
Overlap is given between genes induced in maize 
stele tissues after NAA induction (FC>2), genes 
differentially expressed during lateral root 
induction in Arabidopsis in a SLR-dependent way 
(Vanneste et al., 2005), and genes upregulated in 
xylem-pole pericycle cells after lateral root 
induction (De Smet et al., 2009). 
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significant overlap with similar experiments in Arabidopsis, demonstrate the chosen approach in 
maize is valid and assures its usefulness for a large-scale experiment. 
Comparative analysis of lateral root initiation in maize primary and adventitious roots 
Lateral roots were induced using the previously described LRIS, and material was sampled at 0h 
(NPA) and after 2h, 3h and 4h of NAA treatment, for both the primary and adventitious roots. 
These common time-points make it possible to compare primary and adventitious root 
transcriptomes during early lateral root formation and to look for mechanisms common with 
Arabidopsis. To allow also identification of further regulators that would play a role at later 
stages, supplementary samples were taken from the adventitious roots at 6h and 9h after 
induction. Segments of roots between 5 and 10 mm distance from the root tip were fixed, cryo-
embedded- and sectioned, and pericycle cells associated with the phloem poles were isolated 
using laser capture micro-dissection (Supplemental figure 1). RNA was extracted and hybridized. 
Absolute expression values, fold changes and p-values were calculated for 19304 gene models. 
The closest homolog on our array for AtCYCB1;1, GRMZM2G310115 (www.maizesequence.org, All 
peptides, BLASTP, default settings), was significantly up-regulated in both datasets, confirming 
our approach (Figure 4).  
The primary and adventitious root datasets yielded lists of respectively 1297 and 1100 
differentially expressed gene models, which partially overlapped (ANOVA p-value ≤ 0.01, fold 
change ≥ 2, Figure 5). Gene ontology analysis on the ANOVA-based gene lists revealed enrichment 
for categories linked with DNA binding and microtubule movement. When focussing on the 
transition between 0 and 2h (fold change ≥ 2, p-value ≤ 0.01), particularly genes with 
transcription factor activity, DNA binding and microtubule movement were differentially 
Figure 4: CYCB1 expression in Maize. The expression pattern of the best maize homologues of 
AtCYCB1;1. with an ANOVA p-value < 0.05, are illustrated. The first hit, GRMZM2G310115 shows a 
drastic increase over the time course experiment, both in the primary (left) and the adventitious 
(right) roots. 
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expressed, indicating a rapid preparation of 
cells for division (Supplemental table 2). In 
order to compare the primary and the 
adventitious root datasets, the expression 
profiles of the 325 genes that were significantly 
regulated in both data-sets (ANOVA, Figure 5) 
were clustered for each dataset and organized 
in a cross table to visualize their correlation. 
About 98% (318 out of 325 genes) of the 
significant gene models in the two datasets 
showed a common trend (Supplemental figure 2). This analysis reveals the existence of a lateral 
root initiation core network which is common for the primary and the adventitious roots. 
In adventitious roots, between 4h and 6h, and between 6h and 9h, respectively 289 and 184 
genes were differentially expressed (FC > 2; p-value < 0.01). In contrast to the early regulated 
genes, these sets were particularly enriched in proteins with catalytic activity, phosphatase 
activity and binding, and proteins involved in metabolic processes. Between 6h and 9h also 
functional categories related to DNA packing and chromatin assembly became enriched (results 
not shown). 
Comparative study of lateral root initiation in Arabidopsis and maize 
We compared our results obtained in maize with two similar experiments previously published for 
Arabidopsis (De Smet et al., 2008, Vanneste et al., 2005), by calculating the number of common 
differentially expressed genes (Figure 6). The overlap between the experiment of Vanneste et 
al.(2005) and the maize root data-sets yielded 77 genes in common. As much as 89.6% of them 
were positively correlated, indicating they were regulated in the same fashion in all three 
experiments (Figure 6). With the dataset of De Smet et al. (2008), 132 genes overlapped, with 
87.8% correlating expression patterns (Figure 6). 60 genes were commonly regulated in all 
experiments.  
Using the same strategy, we compared our dataset with an Arabidopsis pericycle identity dataset 
(Parizot et al., 2010). Interestingly, genes up-regulated in phloem pole pericycle cells during maize 
lateral root initiation are orthologous to Arabidopsis genes preferentially expressed in the xylem 
pole pericycle tissue. In contrast, down-regulated genes in the maize experiment were 
significantly enriched in Arabidopsis orthologues expressed in the phloem pole pericycle tissue, 
that does not contribute to lateral root initiation in this species (Supplemental table 3). 
 
Figure 5: Comparison of genes significantly 
regulated in the primary and adventitious 
root.  
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We further retrieved all putative members of the families of Like-AUX1 (LAX), PIN, Auxin Response 
Factors (ARF), AUX/IAAs and Lateral Organ Boundaries-Domain (LBD) genes in maize and 
Arabidopsis using PLAZA (Proost et al., 2009), and compared their behaviour in the LRIS 
(Supplemental tables 4-11). Particularly for the ARF, AUX/IAA and PIN families, more putative 
members were found in maize than in Arabidopsis. Fold changes were compared between 0 and 
2h both in maize and Arabidopsis, representing early responses, and between 0-4h in maize and 
0-6h in Arabidopsis, when the first cell divisions occur. In Arabidopsis, most differentially 
expressed genes were up-regulated. In some cases this gene induction was (partially) SLR-
dependent (e.g. ARF19, IAA26, LDB39 and LBD41) or pericycle-specific (ARF1 and ARF5), and the 
induction was higher after 6h than after 2h. In maize, although the gene families were generally 
larger, usually fewer genes were differentially expressed. Particularly for the ARF family, only 3 
genes were significantly up-regulated in maize and, in contrast to Arabidopsis, expression of some 
ARF genes was down-regulated after the induction of lateral roots by NAA. Further, we see that 
the induction is usually less strong in maize, but that the response is faster and occurs usually 
between 0 and 2h. 
  
Figure 6: Comparison with two experiments on Arabidopsis lateral root initiation. This figure 
indicates the correlation between the expression profiles of maize probesets with the profiles of 
homologous Arabidopsis probesets. Homologues were identified with OrthoMCL, and only 
probesets with a 1:1 result, which could pass the indicated statistical tests both in maize and 
Arabidopsis, were taken into account. SLR points to genes differentially expressed in Arabidopsis 
in a SLR-dependent way (Vanneste et al., 2005), pericycle points to genes differentially regulated 
in xylem-pole pericycle cells (De Smet et al., 2009). Positively correlated genes are indicated in 
green, the red number represents anti-correlated genes. 
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Discussion 
NPA treatment allows progression to G2-phase, but prevents mitosis 
In normal conditions, pericycle cells prone to lateral root initiation in Arabidopsis are thought to 
progress through the cell cycle to the G2-phase (Beeckman et al., 2001). According to the 
available data, NPA treatment in Arabidopsis seems to arrest all pericycle cells in G1. Subsequent 
transfer to auxin induces xylem-pole pericycle cells, which go through S- and G2-phase to mitosis 
(Himanen et al., 2002). In Arabidopsis, a plethora of marker-lines is available to study cell cycle 
gene expression. CYCB1;1 is often used as an indicator for lateral root initiation, as it is expressed 
in dividing cells within the root (De Smet et al., 2007, Himanen et al., 2002, Laplaze et al., 2007). 
This type of marker line is at present however not yet available in maize, prompting us to apply 
different methods. Here we used Feulgen staining, resin sections, qPCR and flow cytometry to 
visualize and characterize cell divisions in the root. 3h after plants were transferred from NPA to 
NAA, a high number of mitotic figures was observed both in primary and adventitious roots, 
particularly in the region between 5 and 10 mm from the root tip, on which all further analyses 
were focused. Transversal sections confirmed divisions were taking place in the pericycle at 3h 
and 4h after the transfer to NAA. At 7h we found periclinal divisions in the pericycle. The cell 
doubling time in lateral root primordia was earlier calculated to be about 4.5h in maize (Macleod 
and Thompson, 1979) and 3.7h in Arabidopsis (Dubrovsky et al., 2001). The periclinal divisions we 
observed at 7h might thus already represent a second round of cell division. Transcript levels of 
ZmCYCB1;1 increased significantly in primary root stele tissues after 3h of NAA treatment, while 
the expression in cortex and epidermis tissues was more stable within the time-span tested. 
While some cell cycle genes were induced specifically in the presence of NPA, others were 
reduced or induced after transfer to NAA. Interestingly, down-regulation usually occurred within 
2h of NAA treatment, as is the case for several CYCA3 and KRP genes, which were induced in NPA 
samples, and repressed soon after transfer to NAA. In Arabidopsis, A3-type cyclins are, in contrast 
to most other cyclins, predominantly expressed in S-phase (Menges et al., 2005), while KRP genes 
are linked to cell cycle inhibition (Berckmans and De Veylder, 2009, De Veylder et al., 2001). 
Transcription of KRP1 and KRP2 is also in the Arabidopsis LRIS very rapidly reduced after transfer 
to NAA (Himanen et al., 2002). In our experiments, the time-point at 3h represented a switch at 
the level of induced cell cycle genes, with the induction of several B-type cyclins and CYCA1;1. 
These types of cyclins are in Arabidopsis all described as being up-regulated during early mitosis 
(Menges et al., 2005), which is at 6h after induction in the Arabidopsis LRIS (Himanen et al., 2002, 
Himanen et al., 2004). The down-regulation of cell cycle inhibitors at 2h, and the up-regulation of 
mitosis-specific genes at 3h after induction is thus very similar to what was observed in 
Arabidopsis. However, the short time-span between induction and the first divisions in maize 
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suggests that the cells might already be residing in the G2-phase at the moment of transfer to 
NAA and do not need to progress through S-phase. Indeed, flow cytometry analysis revealed that 
a large part of the nuclei in the stele was tetra-ploid (4C). After lateral root induction, the fraction 
of diploid nuclei slightly increased, at the expense of 4C nuclei, an observation which was 
confirmed in DAPI-stained nuclei of pericycle cells. Thus, when tetraploid pericycle cells in the 
region between 5 and 10 mm from the root tip are stimulated to induce lateral roots, their 
response is immediate and leads to division after 3h.  
Common mechanisms for lateral root initiation in primary and adventitious roots 
The availability of mutants specifically defective for lateral root initiation in primary roots, but not 
in shoot-borne roots, suggests the existence of parallel mechanisms involved in lateral root 
initiation in these different root types (Hochholdinger et al., 2004b). To analyze this fact, and to 
track down potential components of the respective lateral root producing machineries, micro-
array analysis was performed on RNA isolated from pericycle cells at different time-points of the 
LRIS, both from primary and adventitious roots. From the 19304 gene models, 1297 were 
differentially expressed in the primary root, and 1100 in the adventitious roots. These lists were 
enriched for proteins involved in DNA binding and microtubule movement, pointing to gene 
regulation and cell division. 325 gene models were differentially regulated in both the primary 
and adventitious roots. 98% of them were also positively correlated, as demonstrated in a cross-
cluster table, indicating they are regulated similarly in the primary and adventitious roots. 
Although more in depth analysis will be needed to disentangle different mechanisms, here we 
show that a core of genes exists, that is common for lateral root initiation in primary and 
adventitious roots. 
From model species to crops 
The use of Arabidopsis as a model for the study of lateral root formation has many advantages 
because of the availability of marker lines and a large collection of mutants impaired in root 
development. However, in order to profit from the advance made in fundamental research, 
knowledge should be transferred to economically relevant crops. Unfortunately, it is not yet clear 
to what extent information obtained in one species can be transferred to other species. In this 
context, we performed a comparative study of transcriptome data obtained in maize, with earlier 
published Arabidopsis data (Vanneste et al., 2005). 69 genes had a common expression pattern in 
the Arabidopsis, the maize primary and the adventitious root datasets, and therefore probably 
represent specific lateral root initiation genes. Another Arabidopsis experiment made use of 
fluorescence assisted cell-sorted pericycle cells (De Smet et al., 2008) and corresponded to our 
maize approach, as only pericycle cells were sampled that are competent for lateral root 
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initiation. This resemblance was also reflected in the overlap between the data-sets: 116 genes 
had a correlating expression pattern in the pericycle, primary and adventitious root datasets.  
Morphologic, genetic and transcriptomic differences have been described between cells 
competent for lateral root initiation and other pericycle cells (Parizot et al., 2010, Parizot et al., 
2008). In maize, differential accumulation of 8 proteins between pericycle cells of a mutant, not 
initiating laterals, and wild type pericycle cells (Liu et al., 2009) also indicates a link between 
transcriptome or proteome and competence for lateral root initiation. Here, we confirm this link 
by showing that genes up-regulated in the maize LRIS have homologues expressed predominantly 
in the xylem pole pericycle cells in Arabidopsis, while down-regulated genes are particularly 
expressed at the phloem pole. 
Further, we compared the expression patterns of gene families involved in auxin transport and 
response in maize and Arabidopsis. LAX and PIN proteins mediate auxin influx and efflux 
respectively (Friml, 2003). ARF transcription factors regulate the expression of auxin responsive 
genes, among which the LBDs, and are inhibited by binding with AUX/IAA proteins. With 
increasing auxin concentrations, AUX/IAAs are degraded and downstream genes become 
expressed. For several members of these gene families a role in lateral root initiation was 
demonstrated (Fukaki and Tasaka, 2009, Overvoorde et al., 2010). The number of putative gene 
family members we could retrieve in maize was often larger than in Arabidopsis. In general, fold 
changes were higher in Arabidopsis than in maize. The highest values were usually measured 
between 0 and 2h in maize, while in Arabidopsis gene expression increased till 6h after lateral 
root induction. This might be related to the fast cell divisions observed from 3h after induction in 
maize. In Arabidopsis these divisions do not occur before 6h, allowing longer and stronger 
induction of genes. 
Together, our results indicate that conserved mechanisms between maize and Arabidopsis lateral 
root initiation exist, represented by the overlap between transcriptome analyses and common 
expression profiles of auxin-related genes in both species.  
Materials and methods 
Plant Growth conditions: 
For all experiments B73 inbred line of Zea mays was used. Kernels were surface sterilized in 6% 
NaOCl for 5 min and rinced 3 times in water. Kernels were germinated and grown in a paper roll 
system (Woll et al., 2005a) in continuous light, at 27°C and 70% humidity. For induction of lateral 
roots at the primary root, kernels were germinated and grown for 64 hours in paper roll tubes 
containing 50 µM NPA (Duchefa) and then transferred to 50 µM NAA (Sigma-Aldrich). For the 
adventitious roots, kernels were germinated and grown for 6 days in paper roll tubes containing 
water. Upon emergence of the adventitious root primordia, seedlings were transferred to 25 µM 
NPA solution for 4 days and finally to 25 µM NAA for induction. 
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Removal of cortex and epidermis 
A small incision is made in the cortex with a scalpel or tweezers. With the help of tweezers, the 
cortex can be easily separated from stele tissues (supplemental figure 3). Chemical fixation of the 
root before stripping facilitates the manipulation. 
Quantitative RT-PCR  
RNA was isolated with the RNeasy kit (Qiagen), and poly(dT) cDNA was prepared from 1 µg total 
RNA using the Superscript III reverse transcriptase kit (Invitrogen). Quantitative RT-PCR (qPCR) 
was performed on a Lightcycler 480 apparatus (Roche Diagnostics). All reactions were performed 
in triplicate, and the output was analyzed with qBase software (Hellemans et al., 2007). Primer 
pairs were designed with Beacon Designer 4.0 (Premier Biosoft International). Expression levels 
were normalized against GRMZM2G169642 and GRMZM2G129575, which were identified in a 
preliminary microarray experiment performed on stele tissues (data not shown) as having a stable 
expression level during the time course, which was not the case for commonly used reference 
genes. Cell cycle gene expression  analysis was performed with primer pairs described by Rymen 
et al. (2007). 
Flow cytometry 
Material was chopped with a single edged razor blade in 200 µl extraction buffer (Cystain UV 
Precise P, Partec) and 1.5 ml staining buffer (Cystain UV Precise P, Partec) was added before 
filtration. Analysis of the nucleus size was done with a CyFlow flow cytometer and Cyflogic 
software (CyFlo). 
Histochemical, histological and microscopic analysis 
Staining : Feulgen staining was performed based on the protocol described by De Tomasi (1936). 
Tissues were fixed overnight in 75% ethanol 25% acetic acid (fluorescence observations) or 1% 
glutaraldehyde, 4% para-formaldehyde in phosphate buffer (sectioning) at 4°C. Tissues were 
rinsed 3 times for 15 min in water; macerated with 1N HCl at 60°C for 10 min; rinsed 3 times 
5 min in water and stained for 30 min in Schiff’s Fuchsin-sulfite reagent (Sigma-Aldrich). After 
staining, material was rinsed 3 times 10 min in K2S2O5 solution (5 ml 1N HCl, 5 ml 10% K2S2O5, 
100 ml H2O) and rinsed with water. 
Embedding and Sections : Fixed root fragments of 5 mm were infiltrated with Technovit 7100 
(Heraus Kulzer) following the protocol of Beekman & Viane (1999). In a first embedding step 
polymerization was done in Parafilm (Parafilm “M”Laboratory Film) molds which were preformed 
in squares of 6-3-4 mm. In a second embedding step specimens were oriented in Teflon 
embedding mold (Histoform S, Heaeaus Kulzer, Wehrheim, Germany) and fixed using double-
sided tape. Sections of 4-6 µm thick were cut on a rotary microtome (Reichert-Jung Supercut 
2050, Cambridge Instruments GmbH, Germany), and mounted on Superfrost® Plus microscope 
slides (Menzel-Gläser). For observation with bright field optics, sections were stained in 0.01% 
toluidine blue, or a combination of 0.1% methylene blue and 0.05% ruthenium red. Slides were 
sealed with DePeX (Gurr, BDH Laboratory). 
DAPI : A staining solution of 1 µg/ml DAPI in buffer (50 mM NaCl, 5 mM EDTA, 10 mM Tris-HCl 
pH7) was prepared. 100 µl was added per slide and left in the dark with a cover-glass for 10 min. 
After rincing in PBS buffer (137 mM NaCl; 8.01 mM Na2HPO4; 2.68 mM KCL; 1.47 mM KH2PO4; 
pH 7.3), slides were immediately observed.  
Observations :  
Light microscopic observation and imaging were performed with an Olympus DX51 and a Nikon 
DS-Fi1 camera. Pictures were treated with Photoshop CS3. For epi-fluorescence microscopy, 
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samples were mounted on microscopic slides with 50% glycerol and observed with a Zeiss 
AxioVert 135M equipped with a MAC 5000 controller system including a MAC2 XY motor stage 
controller and a Z-axis/focus controller (Ludl Electronic Products Ltd.). DAPI-stained sections were 
observed with a Zeiss AxioImager, pictures were taken with an AxioCam. Pictures were analyzed 
with ImageJ (http://rsbweb.nih.gov/ij/).  
Isolation of pericycle cells by LCM 
Pericycle cells were isolated from frozen sections according to the protocol of Nakazono et al. 
(2003). Root segments from 5 till 10 mm from the root tip were isolated and fixed in a mixture of 
75% ethanol and 25% acetic acid. Root fragments were infiltrated in vacuum (400 mmHg) for 
15 min on ice and swirled for 1 h at 4°C. This procedure was repeated with fresh fixative, and root 
fragments were conserved in the fixative overnight at 4°C. Fixative was replaced by 10% sucrose 
(w/v) in PBS and infiltrated as described before followed by an infiltration with 15% sucrose 
solution and storage overnight at 4°C. Root fragments were embedded in Cryomolds 
(10x10x5 mm; Tissue-Tek) with O.C.T. Compound (Tissue-Tek) and frozen in liquid nitrogen. Blocs 
were kept at -70°C till further processing. Sections of 10 µM were made on a Micron HM 500 OM 
microtome (box temp. -20°C; object temp. -18°C) and mounted on Superfrost® Plus microscope 
slides (Menzel-Gläser). Slides were kept at -20°C till dehydration: 70% EtOH at RT for 10 min; 70% 
EtOH on ice for 2 min; 95% EtOH on ice for 2 min; 100% EtOH on ice for 2 min, 2 times 2 min in 
xylene on ice. After dehydration slides were air dried and kept in a vacuum dessicator. LCM was 
performed with an Arcturus PixCell II using CapSure Macro LCM caps (Applied Biosystems ). 800 
cells were collected per cap with a laser beam of 60 MW, 600 µs. The plastic top layer was 
separated from the cap and brought in 100 µl extraction buffer (RNAqueous-Micro kit; Ambion) 
and frozen on dry ice. 
RNA hybridization 
For each sample, 800 pericycle cells from at least 9 different roots were pooled. For each time-
point, 3 independent biological replicates were prepared. Extraction and amplification of RNAs, 
Affymetrix® microarray hybridization and scanning were performed by BASF Plant Science. 
Array normalization and statistical treatment. 
Normalization. Data pre-processing and analysis were performed with the R environment 
(www.r-project.org) together with the Bioconductor software (www.bioconductor.org, 
Gentleman et al., 2004). The RMA procedure (Irizarry et al., 2003) was applied to perform a 
convolution background correction using perfect matched probe intensities, quantile 
normalization (Bolstad et al., 2003), and summarization of perfect matched probe intensities 
based on a multi-array model fit robustly using the median polish algorithm.  
Fold-Change and p-values. The absolute values, fold changes and p-values were determined with 
the Limma software within the affylmGUI R package (Smyth, 2004). 
The highest value was retained as a maximum fold change and further associated with a multi-
factor ANOVA raw or corrected statistical p-value significance (e.g. Benjamini and Hochberg). 
Mapping of the probesets. Raw mapping data of the custom-made Affymetrix microarray 
probesets towards the public gene models of the maize genome sequence of B73 
(MaizeSequence.org filtered v4a.53 http://ftp.maizesequence.org/release-4a.53/) yielded 19304 
probesets targeting a specific gene model.  
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KMean. The datasets were independently clustered using TMEV KMean clustering default settings 
(http://www.tm4.org/). 
Generation of orthologues families using OrthoMCL 
The OrthoMCL procedure (Li et al., 2003) was run on five selected plant species (Arabidopsis 
thaliana (Arabidopsis Genome Initiative, 2000), Zea mays (Schnable et al., 2009), Sorghum 
(Paterson et al., 2009), Brachypodium (Ilegems et al., 2010), and Rice (Rice Chromosome 10 
Sequencing Consortium, 2003)) to identify orthologous clusters. For this work, we focused on 
simple one to one species relationships, thus we extracted clusters containing a maize gene which 
was grouped together with genes from other taxa where only one gene per taxon was accepted. 
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Supplemental data 
 
 
 
 
Supplemental figure 2: Cross cluster table comparing expression patterns of differentially 
expressed genes between primary root and adventitious root datasets. Per dataset, 
significantly regulated genes (ANOVA, p-value ≤ 0.01, FC>2) were clustered. Individual clusters 
are shown, as well as the total number of genes per cluster. The distribution of the 325 genes, 
common for both datasets, over the different clusters is indicated.  
 
Supplemental figure 1: Laser capture microdissection (LCM) of pericycle cells. Pericycle cells 
associated with the phloem poles are isolated. 
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Supplemental figure 3: Removal of cortex and epidermis from a maize root. The stele is indicated 
in dark purple, outer tissues in pink.  
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Supplemental table 1: Over-represented functional categories within the genes up-
regulated upon lateral root induction in the stele of maize primary roots.  
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Supplemental table 2: Gene ontology enrichment. Differentially expressed genes were selected by two 
different methods (0-2 hours transition p-value ≤ 0.01 and fold change ≥ 2, and ANOVA test with p-
value ≤ 0.01 and fold change ≥ 2). Enrichment is given for individual primary and adventitious root 
datasets, and for their intersection. 
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Supplemental table 3: Enrichment of transcripts in xylem and phloem pole associated pericycle cells. 
The enrichment percentage is based on the ratio observed/expected number of common significantly 
regulated genes (ANOVA p-value <0.05; FC Kmean (maize) and FC 0-6h (Arabidopsis) >1.5), and is 
calculated for the primary and the adventitious root dataset, as for their intersection. For each, four 
enrichment values were calculated: (i) the amount of genes up-regulated during the experiment and 
concomitantly expressed preferentially in the xylem pole associated pericycle in Arabidopsis, (ii) the 
amount of genes down-regulated during the experiment and concomitantly expressed preferentially in 
the xylem pole associated pericycle in Arabidopsis, (iii) the amount of genes up-regulated during the 
experiment and concomitantly expressed preferentially in the phloem pole associated pericycle in 
Arabidopsis, (ii) the amount of genes down-regulated during the experiment and concomitantly 
expressed preferentially in the phloem pole associated pericycle in Arabidopsis. A fischer test was 
performed to calculate the significance of each enrichment. 
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Supplemental tables 4-1. In the following tables, the members are listed of different gene families with a 
role in lateral root formation, auxin transport or response. Gene models were retrieved by PLAZA (Proost et 
al., 2009) For maize, the fold changes (FC) are indicated between 0h (NPA) and 2h of NAA, and between 0h 
and 4h, in the primary and adventitious roots. For Arabidopsis, the FC is indicated between 0h (NPA) and 2h 
of NAA, and between 0h and 6h, for two different datasets. In the experiment of Vanneste et al. (2005), 
data of control (Col) and slr mutant are presented. Data of De Smet et al. (2008) are specific for xylem-pole 
pericycle cells. Corresponding p-values (pV) are represented by dots: ≤0.01; 0.01< ≤0.05; >0.05. Genes 
with FC≥1.5 and pV≤0.05 are indicated as UP, genes with FC≤ -1.5 and pV≤0.05 are indicated as DOWN. In 
case of contradictory results, priority is given to the dataset of the primary root and the earliest significant 
in case of maize, and to the dataset of De Smet et al. in case of Arabidopsis. nd indicates no data are 
available for a certain gene model. Genes indicated in green are known to have a function in lateral root 
development. 
  
 
   
  
Supplemental table 5: Members of the Arabidopsis families of LAX and PIN auxin transport 
proteins.  
 
Supplemental table 4: Members of the maize families of LAX and PIN auxin transport proteins.  
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Supplemental table 6: Members 
of the maize family of ARF 
proteins. 
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Supplemental table 7: Members of the Arabidopsis family of ARF proteins. 
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Supplemental table 8: Members of the maize family of AUX/IAA proteins. 
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Supplemental table 9: Members of the Arabidopsis family of AUX/IAA proteins. 
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Supplemental table 10: Members 
of the maize family of LOB-
domain proteins. 
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Supplemental table 11: Members of the Arabidopsis family of LOB-domain proteins. 
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Abstract 
An efficient and extensive root system is important for plants to cope with the unequal 
distribution of water and nutrients in the soil, and allows them to survive unfavourable 
conditions as water deprivation. Through the formation of lateral roots, a process in 
which auxin plays a pivotal role, the foraging capacity of the root system is significantly 
increased. Here, we took advantage of the knowledge and characteristics of the model 
plant Arabidopsis thaliana to identify and characterize regulators of lateral root formation 
in maize. A set of 27 candidate genes was selected after comparison of transcriptome 
analyses, and their effect on plant growth was studied through constitutive expression in 
Arabidopsis and rice. As such, we found both conserved and monocot-specific functions 
for the selected genes. Further, we identified genes with a positive effect on root growth 
and seed yield. Other candidate genes affected developmental processes as gravitropism, 
and cell division and differentiation, often through interference with auxin accumulation 
and response. Together, our results show that, despite evolutionary divergence, 
Arabidopsis can be a valuable tool for detailed functional analysis of potential regulatory 
genes from economically important crops such as maize or rice.  
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Introduction 
For many years now, Arabidopsis thaliana is considered the model organism in plant research 
(Koornneef and Meinke, 2010). Also when it comes to unravelling the mechanisms driving root 
development, Arabidopsis often serves as a model. The roots have a crucial role in plant 
development, taking up from the soil water and nutrients necessary for the plants’ growth, and 
the importance of the root systems’ characteristics in the adaptation of the plant for drought or 
poor and polluted soils is being more and more recognized (Gewin, 2010). Understanding the 
mechanisms involved in root development might help to generate higher yielding crops that are 
resistant to drought stress, or that are more efficient in nutrient uptake. 
One of the strategies to extend a root system is by branching, or the formation of lateral roots. 
These are formed from cells within the parent root, designated as lateral root founder cells 
(Beveridge et al., 2007; De Smet et al., 2006). In Arabidopsis these founder cells are part of the 
pericycle and are located adjacent to the protoxylem poles (Dolan et al., 1993; Malamy and 
Benfey, 1997). In maize and rice lateral roots are made from pericycle and endodermis cells at the 
phloem poles (Casero et al., 1995; Rebouillat et al., 2009). Through successive divisions a dome-
shaped primordium is formed, which eventually emerges from the parent root (Malamy and 
Benfey, 1997). The plant hormone auxin is a key regulator of lateral root formation, from 
initiation through emergence (Overvoorde et al., 2010). This allowed scientists to develop a 
system for the induction and synchronization of lateral root initiation in Arabidopsis (Himanen et 
al., 2002), which was later adapted for maize (chapter 3, 4). The lateral root inducible system 
(LRIS) is based on the inhibition of lateral root initiation by N-1-naphthylphthalamic acid (NPA) 
and the subsequent synchronous induction by 1-naphthaleneacetic acid (NAA). As it synchronises 
the process and significantly increases the number of cells available for sampling, the LRIS formed 
the basis for several micro-array analyses that were designed to disentangle the pathways leading 
to lateral root initiation in Arabidopsis (De Smet et al., 2008; Himanen et al., 2004; Vanneste et 
al., 2005). For this species, several important components of the molecular framework involved in 
root branching could be identified that are currently subject to ongoing research. Functional 
characterization of candidate genes strongly relies on the study of loss- and gain-of-function 
mutants as well as transgenic plants expressing reporter constructs allowing the detailed study of 
gene expression and protein localisation. Despite the availability of high throughput gene 
expression techniques such as micro-arrays and deep sequencing, functional characterization of 
candidate genes in economically relevant species, often hard to transform or needing long 
regeneration times, still remains a major bottleneck. One strategy to partially circumvent these 
difficulties is to perform the functional analysis of candidate crop genes in Arabidopsis, a method 
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that was shown to be useful for genes of different origin (Proietti et al., 2011; Kwon et al., 2009; 
Kohno et al., 2011; Zhuang et al., 2005; Landoni et al., 2007; Yu et al., 2010). 
Here we select candidate genes for lateral root initiation in maize, based on the comparison of 
micro-array analyses in Arabidopsis and maize. Over-expression in Arabidopsis and rice reveals 
both conserved and monocot-specific functions for the selected genes. We further identify 
positive regulators of root growth and seed yield, and genes affecting various developmental 
processes, such as cell division and differentiation, and gravitropic response. 
Results 
Selection of candidate genes 
To identify potential regulators of lateral root initiation in maize and to retrieve conserved 
mechanisms between monocot and dicot root branching, we compared the results of three 
independent micro-array analyses, one in maize and two in Arabidopsis. The maize-dataset refers 
to genes early up-regulated in the pericycle of maize primary roots upon auxin-induced lateral 
root initiation (chapter 4). Further, we used a set of Arabidopsis lateral root initiation genes 
whose regulation depends on Aux/IAA14 degradation (Vanneste et al., 2005). The third data-set 
contained genes differentially expressed (both up and down) in xylem pole pericycle cells upon 
lateral root induction in Arabidopsis (De Smet et al., 2008).  
Initially, to allow comparison between the datasets, Arabidopsis homologues of the maize 
sequences were identified by OrthoMCL (Li et al., 2003) and through blast analysis of the maize 
sequences against the Arabidopsis genome. Only those genes which occurred in the maize dataset 
and in at least one of the two Arabidopsis sets were considered. Further selection was based on 
the fold change, the level of homology between the maize and Arabidopsis sequence, and the 
gene ontology (GO) annotation of the genes. If a full length maize sequence was available, 
preference was given to transcription factors and kinases; however, also unknown proteins were 
taken into account. This yielded a list of 27 genes (Table 1), comprising 8 transcription factors, 
9 kinases and transferases, 1 cell cycle protein, 2 protein-binding proteins and 7 unknown 
proteins (based on GO annotation provided by PLAZA (Proost et al., 2009) and MaizeGDB.org). For 
practical reasons these 27 maize genes were numbered with the prefix “ZM” (Zea mays).  
Phenotypic characterization of over-expression lines in Arabidopsis 
In order to analyse the potential role of these selected genes in root development, a detailed 
analysis of the root system architecture was performed on transgenic Arabidopsis lines expressing 
the maize transcripts. For that, the coding sequence of the 27 selected genes was cloned from 
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maize cDNA and inserted into GATEWAY-compatible vectors. The constructs containing these 
maize genes under control of the 35S promoter were transformed into Arabidopsis, resulting in 
constitutive over-expression throughout the plant. In subsequent generations single-insert and 
homozygous lines were selected by growth on selective medium. The over-expression of three 
constructs (ZM17, ZM22 and ZM29) led to drastic phenotypes such as dwarf or sterile plants, 
preventing the selection of homozygous lines for these constructs. Consequently, none were 
analyzed phenotypically. 
For up to 5 independent homozygous single-insert lines per construct, quantitative RT-PCR (qRT-
PCR) was done on RNA harvested from whole roots to confirm transcription of the trans-gene. 
Only lines in which transcripts were detected were taken into account for phenotypic analysis. 
Transcription was observed in none of the lines transformed with the construct for ZM26. 
Sequencing of the construct revealed sequence errors, and these lines were not further analysed.  
Table 1: List of the selected candidate genes with their predicted gene model and annotation. 
Values represent fold change between the indicated time points, and are based on the 
transcriptome dataset described previously (chapter 4). Positive values are represented on a grey 
background, negative values on a yellow background. Dots represent P-values: <0.005; 0.01<
≤0.005; 0.05< ≤0.01; ≥0.05. All calculations were performed limma software within the 
affylmGUI R package (Smyth, 2004).  
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Phenotyping of the remaining 23 constructs, with a total of 94 lines, was performed on plants 
grown till 10 DAG on vertical agar plates. The number of emerged lateral roots was counted and a 
high resolution scan was made from the plates. Through image analyses, we measured primary 
root length and size of the naked zone, which is the distance between the root tip and the 
youngest emerged lateral. The lateral root density (LRD) was calculated by dividing the number of 
lateral roots by the length of the primary root minus the naked zone (Table S1). Average values 
were calculated per line and are represented as percentages compared to the non-transformed 
Col0 control (Table S2). We consider the effect of a construct on a specific parameter as positive if 
more than half of the independent lines tested had a significant (t-test p<0.05) positive value for 
that parameter (Table 2, indicated by "+" ). In case the trend is positive, but values were not 
significant, this is indicated as a positive tendency (indicated by "(+)"). The same applies to 
negative effects (indicated as "-"or "(-)"). 
A wide range of phenotypes was observed in the 
transgenic lines that were analysed. Expression of 
three constructs (ZM14, ZM30 and ZM32) affected 
plant growth in a drastic way and led to dwarf plants 
(Figure 1), and although homozygous lines were 
available, no root parameters were measured for 
these constructs. Expression of constructs ZM6, ZM13 
and ZM27 resulted in an equal number of lines with 
positive and with negative values for the same 
parameter; so their effect is undetermined. Further, 
the expression of three constructs (ZM9, ZM18 and 
ZM21) had no pronounced effect on root growth. 
Three constructs (ZM15, ZM20 and ZM24) caused a 
more or less equal reduction of both primary root 
length and the number of laterals, leading to a LRD 
comparable to the control. Over-expression lines of 
ZM12 and ZM19 showed a positive LRD, with a 
stronger reduction of the primary root length 
compared to the number of lateral roots. The lines 
expressing ZM4, ZM5 and ZM8, and to a lesser extend also ZM10 and ZM31, had a strongly 
reduced number of lateral roots, while the primary root length was only slightly affected, with a 
reduced LRD as the outcome. Interestingly, four of these constructs encode Aux/IAA proteins. 
Finally, expression of ZM7, ZM16 and ZM25 resulted in positive values or a positive tendency for 
 
Figure 1 Over-expression of maize 
sequences ZM14, ZM30 and ZM32 in 
Arabidopsis resulted in dwarfed 
phenotypes. 
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all three root parameters. Particularly in some lines expressing, ZM25, the lateral root number 
was increased with up to 70%, and the LRD with up to 38%. Remarkably, these three constructs 
encode proteins with serine/threonine kinase activity.  
It is interesting to note that constructs from the same gene family or with the same type of 
activity had similar effects on plant growth. For example, expression of two genes encoding WRKY 
transcription factors (ZM14 & ZM29) resulted in the formation of dwarf or malformed plants. The 
four constructs encoding Aux/IAA family members (ZM4, ZM5, ZM8 and ZM10) gave a strong 
reduction of the LRD, and three out of four proteins with serine/threonine kinase activity 
promoted root growth. This indicates that the phenotypes observed are not solely random 
artefacts of the over-expression of a maize sequence in Arabidopsis, but rather reflect a potential 
involvement of such genes in root growth and development.  
 
Phenotypic characterization of over-expression lines in rice 
In parallel to the analysis of gene function in Arabidopsis, we wanted to look into the effects of 
trans-gene expression on growth in a monocotyledonous plant species. As maize transformation 
Table 2: Compilation of the phenotypic analysis in Arabidopsis and rice. A significant (p<0.05) positive 
effect of the construct on a parameter is indicated as  + , a positive tendency as (+). A significant 
(p<0.05) negative effect of the construct on a parameter is indicated as  - , a negative tendency as (-). 
No effect is marked as =. A high variability between the lines is indicated as    . Four constructs with 
positive effects in Arabidopsis and rice are indicated in bold. 
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is still complex and time-consuming, we opted for a complementary functional analysis of the 
selected genes in rice. Therefore, the 27 maize sequences used in Arabidopsis were transformed 
into rice under control of the rice GOS2 promoter (de Pater et al., 1992), resulting in an 
anticipated moderate constitutive expression of the gene. Rice plants were transformed and 
analysed in the Cropdesign TraitMillTM system (Reuzeau et al., 2010), with a focus on the 
aboveground parts of the plant and seed yield (Table S1). About 6 independent T1 lines per 
construct were analysed under conditions of water deprivation. Transgenic lines were compared 
to their negative isolines, and values which were >5% higher or lower compared to their control 
(FDR 0.1) were considered as positive or negative respectively for that trait. The effect of a trans-
gene on a certain parameter was evaluated taking into account the number of lines with the same 
trend and the degree of difference with the control (Table S3). For ZM27 no results are available 
due to problems in the cloning pathway. 
In general, positive traits observed in the transformed plants were often related to seed yield and 
size, while emergence vigour was generally negatively influenced (Table S3). Here we will mainly 
focus on 5 of the parameters tested: biomass, root max, seed yield, harvest index and seed size 
(Table 2, Table S1). The expression of 9 of the constructs (ZM6, ZM12, ZM17, ZM18, ZM21, ZM24, 
ZM28, ZM29 and ZM31) did not influence any of these parameters, 7 genes (ZM4, ZM5, ZM10, 
ZM19, ZM16, ZM25, ZM26) had increased values for one or two parameters, and have as such a 
predominantly positive effect, and 3 genes (ZM7, ZM8 and ZM13) were considered as very 
positive, with at least 3 positive parameters. As ZM7 had particularly a high score for seed yield 
and seed size, this positive evaluation was confirmed by testing the plants grown under standard 
conditions (without water deprivation). Furthermore, 3 genes (ZM9, ZM15 and ZM22) had a 
predominantly negative effect, and 2 constructs were considered as very negative (ZM14 and 
ZM30). Expression of ZM20 influenced different parameters in opposite ways, with a positive 
effect on harvest index, but a negative effect on biomass. 
Although the Arabidopsis and rice experiments were not performed in the same way, measuring 
different parameters under different growth conditions and using different statistical tests, we 
can see common trends between the two phenotyping approaches (Table 2). The 3 
serine/threonine kinase genes that were found to be positive regulators of root growth in 
Arabidopsis (ZM7, ZM16 and ZM25) also had a positive effect on yield when expressed in rice. 
ZM14 and ZM30 constructs, whose expression resulted in negative values for growth and seed 
yield in rice, resulted in dwarf plants when transformed into Arabidopsis. However, the genes 
from the Aux/IAA family (ZM4, ZM5, ZM8 and ZM10) showing negative effects on root growth in 
Arabidopsis, tested positively for several parameters in rice, indicating that the results are not 
Chapter 5 
 
 
118 | 
always comparable. In general, the phenotypes in rice were more neutral and positive as 
compared to those observed in Arabidopsis. This might be a consequence of the evolutionary 
distance between Arabidopsis and maize, which is larger than between rice and maize, but might 
also result from a stronger expression level in Arabidopsis.  
Interfering with hormone signalling leads to altered waving patterns 
Effects of the trans-genes on root architecture were not limited to branching, but in some cases 
were also observed for root gravitropism and waving pattern. Roots of wild type plants display a 
regular wavy pattern when growing on agar plates in a near-vertical position. Lateral roots usually 
are formed at the convex side of the bends (De Smet et al., 2007). Although no specific tests were 
performed to measure gravitropic response of the different lines, some of them clearly displayed 
deviations from the control situation (Figure 2).  
Over-expression of the ARF (auxin response factor)-encoding transcript ZM28 resulted in roots 
with impaired gravitropic growth in Arabidopsis (Figure 2A). Gravity is perceived by columella root 
cap cells containing amyloplasts. Lugol staining on 3 day old plants expressing ZM28 indicated 
that these transgenic plants contained differentiated columella cells with starch granules. 
However, there were several defects when compared to wild type plants (Figure 3A). First, the 
root tips of transgenic plants often were broader. We observed aberrant divisions and irregular 
cell shape, disrupting the cellular pattern typical of Arabidopsis roots. While in wild-type plants 
Figure 2: Interfering with hormone response can result in altered waving and gravitropic 
response. (A) Expression of ZM28, an auxin response factor results in agravitropic root growth of 
both primary and lateral roots. (B) Expression of ZM30, a GH3 family gene results in impaired 
gravitropic response and heavily waving primary and lateral roots. (C) Expression of ZM31, a 
histidine kinase probabely related with cytokinin response, interferes with the wavy pattern of the 
root and the normally alternating left-right patterning of the lateral roots. 
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the columella root cap is composed of straight columns of cells, this organization was disturbed in 
some transgenic roots. Occasionally, ectopic formation of amyloplasts at the level of the lateral 
root cap initials was found. Further, root cap cells sometimes were longer, with proportionally 
fewer amyloplasts. When grown for 8 DAG on vertical plates, some transgenic plants seemed to 
respond more or less normally to gravity. Microscopic analysis of these plants did not reveal any 
abnormalities at the level of the root tip. This in contrast to plants which did show agravitropic 
growth, where the organisation of the root cap was severely affected (Figure 3B). Furthermore, 
above the root meristem, size and shape of the cells were irregular, and xylem was at some places 
 
Figure 3: Defects observed in plants over-expressing ZM28 (A) Details of lugol-stained root tips of 
plants 3 DAG show several differences with control plants (arrowheads): ectopic divisions at the 
level of the epidermis and lateral root cap, resulting in a broader root tip, ectopically localized 
amyloplasts, and very elongated lateral root cap cells. (B) Plants showing a strong gravitropic 
phenotype also have strong defects at the level of the root tip, while the root tips of plants 
growing normally also resemble control tips. (C) Vasculature shows interruptions and irregular cell 
shape and size. (D) Leafs are small and curled inward. 
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interrupted (Figure 3C). Leaves were very small and curled (Figure 3D), and often the seedlings 
did not survive transfer to the soil.  
Expression of ZM30 and ZM32, both encoding early auxin response genes from the GH3 family, in 
general resulted in strongly dwarfed plants with short agravitropic and excessively waving roots 
(Figure 2B). In contrast, plants over-expressing the ZM31 construct, annotated as a signal 
transduction histidine kinase-related protein, had primary and lateral roots that lacked the normal 
waving (Figure 2C). Also, the quite regular left-right placement of the lateral roots, as observed in 
control plants, was not found in these ZM31 lines. Based on its ortholog in Arabidopsis (Proost et 
al., 2009), one can assume the ZM31 protein might be involved in cytokinin signalling.  
Maize Aux/IAA proteins have a strong impact on Arabidopsis root development 
Out of the genes that were selected as potential regulators of lateral root development, over-
expressed and tested in Arabidopsis and rice, four code for Aux/IAA proteins. Aux/IAAs bind to 
ARF transcription factors and as such inhibit transcription of auxin responsive genes. Auxin 
promotes the degradation of Aux/IAA proteins, allowing auxin responsive gene expression 
(Maraschin Fdos et al., 2009). Over-expression of the selected Aux/IAAs in Arabidopsis led to a 
strong reduction in the LRD (Table 2, Table S2). Although the primary root length often was 
negatively affected, the AUX/IAA genes tested seemed to have a more pronounced effect on the 
number of lateral roots, particularly in the case of ZM4, ZM5 and ZM8 (Figure 4A, Table S2). A 
reduction in the number of emerged lateral roots can be due to a lower number of initiation 
events, but can also point to defects in development or emergence of the lateral root primordia. 
To distinguish between initiation and development, roots of about 5 DAG old plants were cleared 
and microscopically studied to detect early, non-emerged lateral root primordia. Classification of 
the primordia according to their developmental status (Malamy and Benfey, 1997) revealed that 
the number of early stages (stage I-IV) was in most lines similar or even higher than the control 
(Figure 4B-E). There was however a clear drop in the number of primordia that evolved beyond 
stage IV, including a reduction in the number of emerged lateral roots in most of the lines. This 
indicates that the over-expression of the maize AUX/IAA sequences does not only reduce lateral 
root initiation, but most probably also interferes with the development or emergence of the 
primordia.  
We tested the effect of a localized over-expression of one of these Aux/IAAs specifically in cells 
competent for lateral root initiation, by transformation of the ZM4 gene under control of a UAS 
promoter (Brand and Perrimon, 1993) directly in the J0121 GAL4 enhancer-trap line (Laplaze et 
al., 2005), resulting in expression of the trans-gene in the pericycle cell files adjacent to the 
protoxylem. In the three independent homozygous lines that were obtained and analysed, the 
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LRD did not significantly differ from the control (results not shown), indicating that the expression 
of ZM14 in the founder cells does not interfere with lateral root development. However, the 
trans-activation efficiency should still be verified in these transgenic lines by means of qPCR. 
Over-expression of the Aux/IAA proteins in Arabidopsis and rice resulted in phenotypes that were 
strikingly different between the plant species. In Arabidopsis the over-expression of ZM4 resulted 
in a highly branched but dwarfed shoot with numerous flowers, which were however almost 
  
Figure 4: Phenotyping of lines expressing a maize Aux/IAA (A) ZM4 and ZM5 strongly reduce the 
number of emerged lateral roots. (B-E) Detailed staging analysis of the lateral roots and primordia 
in the lines over-expressing ZM4 (B), ZM5 (C), ZM8 (D) and ZM10 (E). NE, total of the non emerged 
primordia; E, number of emerged lateral roots; NE+E, sum of both; LRD, lateral root density. Error 
bars represent standard error. (F) Sterile and bushy shoot phenotype of a line expressing ZM4. 
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completely sterile (Figure 4F). In rice, the expression of ZM4 led to a strongly reduced number of 
flowers, but an increased fill-rate and seed size. Also the other Aux/IAA constructs tested in rice 
had a general positive effect on seed yield, compared to reduced root growth and small plants in 
Arabidopsis. These phenotypic variations might be due to different expression levels, but also the 
degradation of the Aux/IAA proteins, an essential component of the auxin response mechanism, 
could be affected in Arabidopsis. The stability of the maize versions of Aux/IAAs in Arabidopsis 
might be different than in rice. Therefore, the auxin response of at least one line with the ZM4, 
ZM5 or ZM10 constructs was analysed by transferring seedlings 3 DAG to medium supplemented 
with 10 or 100 nM NAA. After 6 days the root elongation since the transfer was measured, and 
the total number of lateral roots was counted. Normally, NAA has a negative effect on primary 
root elongation and promotes lateral root initiation (Laskowski et al., 1995; Rahman et al., 2007; 
Casimiro et al., 2001). However, the expression of stabilized forms of Aux/IAA proteins in 
Arabidopsis gain-of-function mutants makes plants resistant to these auxin-induced responses 
(Fukaki et al., 2002; Weijers et al., 2005; Rogg et al., 2001). We indeed saw a significant reduction 
of root elongation in Col0 control plants after transfer to 100 nM NAA, while root elongation was 
affected in only 2 of the transgenic lines 
tested (Figure 5A). Except for the Col0 
control, addition of 10 nM NAA had no 
effect on the number of lateral roots that 
was formed (Figure 5B). Only at an NAA 
concentration of 100 nM, a significant 
increase in the number of laterals was 
observed in 3 out of 4 transgenic lines. 
There were, however, large differences 
between individual plants, as shown by 
the relatively large variance. Together, 
these results point to an increased 
resistance of the transgenic plants to 
auxin-induced growth effects, which, in 
analogy with the Arabidopsis gain-of-
function mutants, suggests that an 
increased stability of the maize Aux/IAA 
proteins in Arabidopsis might play a role 
in the phenotypes observed in the 
 
Figure 5: Arabidopsis plants expressing maize 
Aux/IAAs are more resistant to auxin treatment. 
Plants 3 DAG were transferred to DMSO, 10 nM or 
100 nM NAA (A) Elongation of the primary root 
6 days after transfer (B) Number of lateral roots 
6 days after transfer. Error bars represent standard 
deviation, asterisk indicates a significant difference 
with the DMSO control (t-test p<0.01) . 
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transgenic Arabidopsis lines. 
The effect of WRKY over-expression on plant development 
The WRKY transcription factors constitute an extensive family, all sharing a common WRKY motive 
in their protein sequence. They function in biotic and abiotic stress response, and also have a role 
in different plant developmental processes (reviewed by Agarwal et al., 2010). Two members of 
this family were over-expressed in Arabidopsis and rice. 
We found that ectopic expression of ZM29 in Arabidopsis detrimentally affected growth and 
development, and no offspring could be obtained. Both root and shoot were malformed, split-
roots were found, root meristems were disorganised and general tissue organization was often 
lost (Figure 6). This indicates that with the ectopic over-expression of this gene in Arabidopsis, we 
are interfering with vital processes, such as cell division and differentiation. 
 
In contrast to ZM29, over-expression of ZM14 resulted in small, though viable plants, usually with 
a short primary root (Figure 7A). Analysis of these seedlings in more detail revealed bending and 
swelling of the root tip, and differentiation of the primary root apical meristem between 5 and 
7 DAG, visible by the formation of root hairs and vasculature close to the tip (Figure 7B). Crosses 
with QC184, a marker for QC cells, confirmed loss of QC identity starting from 5 DAG (Figure 7C). 
As auxin plays an important role in maintaining meristematic activity, auxin distribution was 
followed in crosses with a DR5::GUS marker (Ulmasov et al., 1997). Although at 3 DAG the GUS 
pattern was the same as in control plants, a gradual intensification of the GUS staining was 
noticed at the tip and the base of the root from 4 DAG and 5 DAG respectively, with ultimately 
strong staining in the entire root (Figure 7D). In control plants the GUS pattern remained 
 
Figure 6:Effect of ZM29 on plant 
growth.  Expression of ZM29, 
encoding a WRKY transcription 
factor, resulted in loss of tissue 
organisation, formation of split 
roots, disorganised meristems 
and misshapen roots and shoots. 
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unchanged during this time course. After growth arrest of the primary root tip, a large number of 
lateral and adventitious roots was formed, that were not arrested in their development as 
opposed to the primary root.  
 
Effect of knock-out or pericycle specific expression of Arabidopsis homologs 
The ectopic over-expression of maize sequences in Arabidopsis often had drastic effects on over-
all growth of the transgenic plants. Therefore, in parallel to the analysis of the maize sequences, 
we also studied the effect of knock-out or root-specific over-expression of some Arabidopsis 
  
Figure 7: ZM14 interferes with the maintenance of the root apical meristem (A) Arabidopsis plants 
expressing the WRKY transcription factor ZM14 remain small and develop only a short primary root. 
(B) Differentiation of the root tip of ZM14 over-expressing (OE) plants is visible by the formation of 
root hairs and differentiation of vasculature. (C) GUS staining in plants 5 DAG marks the quiescent 
centre (QC) in crosses with WT plants. No cells are stained in crosses with ZM14 expression. (D) Time 
series showing auxin response in crosses of ZM14OE plants with a DR5::GUS marker line. Over time 
the intensity of the staining increases until it is visible over the whole length of the root.  
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genes which are homologous to the evaluated maize genes. Homozygous T-DNA insertion lines 
were used for knock-out, indicated as “S-lines” (Table 3). Over-expression was obtained by 
transformation of the genomic sequence from Arabidopsis under control of the UAS promoter 
(Brand and Perrimon, 1993) in the J0121 line, resulting in trans-gene expression in the pericycle 
cells in front of the xylem poles (Laplaze et al., 2005). These lines are indicated as “AT” (Table 4).  
Knock-out of the Arabidopsis homolog of ZM9, At5g57150 (S17 and S27), resulted in an equal 
reduction of primary root length and lateral root number, and a neutral LRD.  
 
 
  
Table4: Analysis of xylem-pole pericycle-specific over-expression of Arabidopsis genes. 
Homologous maize constructs are indicated between brackets. Values represent percentage 
compared to wild type Col0. Significant (p<0.05) positive and negative values are indicated in green 
and pink respectively. PR, primary root length; LR, number of lateral roots; LRD, lateral root density. 
qPCR indicates the expression level in whole roots relative to wild type Col0. 
 
Table 3: Analysis of T-DNA insertion lines. Homologous maize constructs are indicated 
between brackets. Values represent percentage compared to wild type Col0. Significant 
(p<0.05) positive and negative values are indicated in green and pink respectively. PR, 
primary root length; LR, number of lateral roots; LRD, lateral root density. Insert indicates 
in which part of the gene the T-DNA is located. 
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Root-specific expression of the Arabidopsis homologous gene of ZM12, PCNA1 (PROLIFERATING 
CELL NUCLEAR ANTIGEN; AT3), led to a strong reduction for all parameters tested, and laterals 
that formed stayed very short in the two independent lines studied. The elongation of the primary 
root slowed in some plants after about 7 days, and others stopped growing completely 
(Figure 8A). Knock-out line S9 gave no phenotype. In contrast, plants of the S8 line had a reduced 
primary root length and lateral root number, and the laterals remained very short. Also the 
waving of the primary root and the left-right patterning of the branches were impaired in this 
mutant (Figure 8B). Roots of line S8 were cleared to screen for un-emerged primordia. Staging 
revealed an increased number of primordia from stage IV to stage VII, a high reduction in the 
number of emerged lateral roots, and a small reduction in the LRD (Figure 8C). This might reflect a 
problem in the development and emergence of the primordia, but as the plants at this stage were 
also smaller than control plants, this could also be due to retarded growth. Line S8 has a T-DNA 
inserted in the promoter region of PCNA1, but this position also corresponds to an intron of a 
neighbouring gene (Figure 8D). It is as such hard to attribute the phenotype to one of these 
genes. The T-DNA of line S9 is located in the 5’ UTR of PCNA1.  
Knocking-out ARF16, a homolog of ZM28, resulted in plants with a shorter primary root and a 
small reduction in the lateral root number (S20 and S22). The LRD showed a positive tendency in 
these plants, and their gravitropic response seemed normal. 
Knock-out of the Arabidopsis homolog of ZM16, At3g51270 (S30 and S31), led to a reduction of 
the primary root length. In line S31, a smaller lateral root number was observed, suggesting that 
this gene might be a positive regulator of root growth. 
Pericycle-specific expression of At4g22530 (AT1), an Arabidopsis homolog of ZM13, had a general 
positive effect on root growth in one line, while in another there was no difference with the 
control. Three T-DNA insertion lines were analysed (S3, S14 and S15). Two of them, S3 and S14, 
had an increased LRD.  
In Arabidopsis no homozygous plants with ZM17 were analyzed as its expression caused small 
plants with very low seed yield. Pericycle-specific expression of PGIP1 (At5g06860, AT2), the 
Arabidopsis homolog, resulted in a line with increased primary root length and LRD and, although 
not significant, the same parameters were also clearly positive in a second line analyzed.  
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Discussion 
Evaluation of potential regulators of lateral root formation 
An increasing number of functional genomics and proteomics data related to lateral root 
development is becoming available, not only in Arabidopsis, but also in economically important 
crops such as maize (Hochholdinger et al., 2004; Liu et al., 2006; Liu et al., 2010; Parizot et al., 
2010). Here, we compared three transcriptome analyses, which were all focused on the 
identification of early up-regulated genes after auxin-induced lateral root formation. We selected 
a set of 27 genes as potential regulators of lateral root initiation in Arabidopsis and maize, and we 
functionally characterized them by ectopic over-expression in Arabidopsis and rice. In Arabidopsis, 
 
Figure 8: PCNA1 interferes with root waving and lateral root development. (A) Xylem-pole 
pericycle specific expression of PCNA1, an Arabidopsis homolog of ZM12. (B) T-DNA 
insertion lines for PCNA1. (C) Detailed staging analysis of the lateral roots and primordia in 
S8. NE, total of the non emerged primordia; E, number of emerged lateral roots; NE+E, sum 
of both; LRD, lateral root density. Error bars represent standard deviation. (D) Scheme 
representing the location of the T-DNA insertion in S8 and S9. 
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the effects of the trans-gene expression were evaluated under standard conditions at the level of 
the seedling root system, while in rice the focus was on biomass and seed yield, after the plants 
were subjected to water deprivation stress. The stress was anticipated to favour plants that had 
increased root development and more efficient water uptake. 
The expression of three of the genes tested had a moderate to strong positive effect on both root 
growth in Arabidopsis and seed yield in rice. Interestingly, all of them contain a protein 
serine/threonine kinase domain and thus appear to have transferase activity. None of these 
genes, nor their Arabidopsis orthologs, have been characterized in detail up to now.  
Although a positive effect on root growth in Arabidopsis was usually associated with an increased 
seed yield or size in rice, positive rice parameters did not always go together with an elaborate 
root system in Arabidopsis. Moreover, several maize genes led to drastic growth defects when 
expressed constitutively in Arabidopsis. From the 27 genes selected, six could not be analyzed due 
to dwarf or sterile phenotypes and ten constructs resulted in reduced root growth. One 
explanation might be the use of the strong 35S promoter in Arabidopsis, compared to a medium 
constitutive promoter in rice. But genetic diversity between Arabidopsis and maize is probably a 
more plausible cause of the observed differences. The monocot-dicot split occurred about 140-
150 million years ago (Chaw et al., 2004), and homologous genes might have diversified in 
sequence, function or regulation since then.  
Interfering with gravitropic response 
Arabidopsis plants grown in vitro on top of an agar surface in vertical position exhibit a wavy 
growth pattern, with lateral roots forming alternating left and right at the outside of the bends 
(De Smet et al., 2007). Several studies report a link between gravitropic response, waving and 
lateral root formation (De Smet et al., 2007; Lucas et al., 2007; Moreno-Risueno et al., 2010). 
Within our set of genes analyzed, we found four constructs whose expression affected the 
waving, gravitropism and regular lateral root positioning in the transgenic plants. The role of auxin 
in these processes has already been extensively studied. Interfering with auxin transport for 
instance has consequences for the gravitropic growth of the roots, and disturbs the left-right 
patterning of the lateral roots (De Smet et al., 2007; Bennett et al., 1996).  
Some members of the GH3 family, a set of auxin response genes, were shown to be differentially 
expressed in gravity stimulated hypocotyls (Esmon et al., 2006). Interestingly, two maize GH3 
genes (ZM30 and ZM32) gave plants with impaired root gravitropism and excessive waving.  
Also several ARFs were reported to affect gravitropic response (Okushima et al., 2005; Wang et 
al., 2005). The construct ZM28, annotated as ZmARF15 (Xing et al., 2011), is a maize homolog of 
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AtARF16 (Proost et al., 2009), and its expression in Arabidopsis caused root gravitropic defects. 
Knock-down of AtARF16 was earlier shown to result in agravitropic root growth due to the 
absence of amyloplasts in the columella cells, and its root cap expression was linked with the 
differentiation of statocysts (Wang et al., 2005). Plants expressing ZM28 were however not 
impaired in columella cell differentiation, indicating ZM28 must interfere with gravitropic 
response in a different way than proposed for AtARF16. Furthermore, defects in the vasculature 
of ZM28 expressing plants were observed. In Arabidopsis AtARF16 is also expressed in the 
vascular bundle, but these transcripts are targeted by miR160 (Wang et al., 2005). The high 
transcription level of ZM28 in the vasculature of our plants might correlate with the vascular 
defects we observed.  
Finally, plants from two lines expressing ZM31, a histidine kinase, lost their wavy growth pattern 
and the regular left-right placement of lateral roots. Possible Arabidopsis homologs of ZM31 
proposed by PLAZA turn out to be all AHK cytokinin receptors. Like auxin, cytokinin plays a role in 
gravitropic response (Aloni et al., 2004), but it negatively influences lateral root initiation 
(Kuderová et al., 2008; Laplaze et al., 2007). By over-expressing ZM31, we probably interfered 
with cytokinin responses and as such with normal gravitropic growth and lateral root formation.  
Aux/IAAs disclose differences between monocots and dicots 
Aux/IAA proteins represent an important component in auxin signal transduction and regulate the 
transcription of auxin response genes through binding with auxin response factors (ARF) 
(Dharmasiri and Estelle, 2004). We expressed four maize Aux/IAA genes in Arabidopsis and rice. 
Based on the study of Wang et al. (2010), these genes are annotated as ZmIAA4 (ZM8), ZmIAA17 
(ZM4), ZmIAA18 (ZM10) and ZmIAA30 (ZM5). In Arabidopsis, their expression led to a reduced 
LRD, dwarf and bushy shoot phenotypes and a reduced fertility, while the same genes in rice had 
positive effects on biomass, seed yield and seed size. Aux/IAA proteins are characterised by four 
conserved motifs: domain I is responsible for transcriptional repression of the ARF, domain II is 
needed for degradation of the protein, and domain III and IV function in dimerization with other 
Aux/IAAs and ARFs (reviewed in Reed, 2001). Although domain II is necessary for auxin-induced 
degradation of Aux/IAAs, also sequences outside of this domain can influence the stability of the 
proteins (Dreher et al., 2006). Most of the Aux/IAA proteins have a high turn-over rate, even in 
the absence of exogenous auxin, which means that over-expression of these genes often has no 
effect on the plants’ growth (Sato and Yamamoto, 2008). However, mutations influencing the 
stability of the Aux/IAA proteins, their transcriptional repression, or protein-protein interactions 
can affect plant phenotypes (Dreher et al., 2006; Li et al., 2011; Sato and Yamamoto, 2008; 
Ouellet et al., 2001). The phenotypes we observed in Arabidopsis plants expressing a maize 
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Aux/IAA were similar to those observed before in plants expressing a stabilized Arabidopsis 
Aux/IAA (Rogg et al., 2001; Uehara et al., 2008; Fukaki et al., 2002). We further showed that 
Arabidopsis plants expressing maize Aux/IAAs were less sensitive to the effects of auxin on lateral 
root initiation and root elongation, suggesting increased stability of the maize Aux/IAA proteins in 
Arabidopsis. This might be the result of a lower affinity of the Arabidopsis TIR1 for maize Aux/IAA 
proteins. But also the basal turn-over rate of the maize Aux/IAAs might be slower in Arabidopsis, 
their repressive activity could be stronger than the endogenous proteins, or they might be 
impaired in their interactions with other Aux/IAAs and ARFs. Phylogenetic analysis showed that 
similarity of Aux/IAA proteins between maize and rice is larger than between maize and 
Arabidopsis (supplemental figure 1; Wang et al., 2010). Genetic divergence might thus be a cause 
of the phenotypic differences observed between Arabidopsis and rice expressing the maize 
Aux/IAA genes. 
WRKY’s interfere with essential developmental processes 
Members of the large family of WRKY transcription factors are involved in different aspects of 
plant development, such as pathogen-defence, biotic and abiotic stress response and several 
physiological processes (Agarwal et al., 2010). Here, we analysed the effects of over-expression of 
two members of the WRKY-family in rice and Arabidopsis. Results for ZM14 were quite consistent 
between the two screens: impaired growth in Arabidopsis, and very negative yield parameters in 
rice. Indeed, different studies performed in Arabidopsis, rice and wheat, demonstrated that 
certain WRKY family members have conserved regulation and function with their orthologs in 
other plant species (Berri et al., 2009; Proietti et al., 2011; Mangelsen et al., 2008). Closer study of 
the effects of ZM14 expression in Arabidopsis revealed a strong induction of auxin response in the 
root, loss of QC identity, and differentiation of the RAM from 5 DAG. Whether the loss of QC 
identity is the cause or rather the consequence of the increased auxin response is not clear, but 
the auxin homeostasis in the root tip is crucial for correct patterning and maintenance of the root 
apical meristem (Friml et al., 2004; Friml et al., 2002; Sabatini et al., 1999). Despite their short 
primary root, ZM14-expressing plants were viable through the formation of adventitious and 
lateral roots which were formed after the RAM differentiation. ZM29, another WRKY transcription 
factor whose effect on plant growth was tested in rice and Arabidopsis, had only mild effects in 
rice, but led to drastic growth defects in Arabidopsis.  
Arabidopsis and rice, complementary approaches 
During our evaluation of Arabidopsis lines expressing maize genes with a constitutive promoter, 
we were regularly confronted with strong, negative effects on the plants’ growth, which 
prevented any determination of gene function. We explored three alternative approaches. The 
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first approach was the analysis of the genes under control of a root-specific promoter. A second 
approach was the expression of the Arabidopsis homolog of the maize sequence in transgenic 
plants, and finally, evaluation of the effects of knocking-out expression of the Arabidopsis 
homolog using T-DNA insertion lines. These approaches resulted in interesting observations on 
some of the candidate genes. Ectopic over-expression of the Aux/IAA ZM4, for instance, had 
positive effects on seed size in rice, but gave dwarf and sterile plants in Arabidopsis, with only 
very few lateral roots. Pericycle-specific expression of the same transcript resulted in normal-
looking Arabidopsis plants with a similar LRD as control plants. For ZM17 no homozygous plants 
were obtained in Arabidopsis, and in rice no effect was noticed on the parameters tested. Plants 
expressing the Arabidopsis homolog in the xylem-pole pericycle cells had an increased LRD.  
In conclusion, the study of transgenic Arabidopsis plants allowed us to evaluate in detail 
interesting root parameters as length and LRD. Rice, on the other side, has the advantage of being 
genetically closer related to maize than Arabidopsis. The TraitMillTM platform allowed screening of 
rice plants for a variety of parameters related to biomass and seed yield. Our data confirm that, 
despite the differences in growth conditions and set-up of the phenotypic analyses, the data 
obtained from both Arabidopsis and rice can help to establish gene-function relationships.  
Experimental procedures 
Arabidopsis growth and analysis 
For phenotypic analyses Arabidopsis thaliana seeds were sown on solid 0.5xMS medium in square 
Petri dishes in near-vertical position and after 48h stratification at 4°C, incubated in a growth 
chamber at 22°C under continuous light conditions (110 µE.m-2.s-1 photosynthetically active 
radiation, supplied by cool-white fluorescent tungsten tubes; Osram). For phenotypic analyses, 7 
to 15 plants were gown till 10 DAG, distributed over up to 3 petri dishes. Lines were not grouped 
per construct but analysed randomly, depending on seed availability and capacity. In each 
experiment a Col0 was included as a reference, which was grown for one generation under the 
same conditions as the transgenic lines. 
Image analysis 
Scans from plates were made with a flatbed scanner (Epson Perfection V700 Photo) and analysed 
with ImageJ (http://rsbweb.nih.gov/) and WinRHIZO (Regent Instruments) software.  
Rice growth and analysis 
Growth and analysis of rice plants was performed in the Cropdesign TraitmillTM system. (Reuzeau 
et al., 2010)  
Cloning procedures 
Arabidopsis genes were amplified from DNA and cloned in pDONRTM221. Primers used for cloning 
are listed in supplemental table S4. Entry clones with ZM constructs were prepared by cloning the 
coding sequence in pDONRTM221 or PDONRTM/Zeo according to Cropdesign proprietary 
procedures. Ectopic over-expression in Arabidopsis was obtained by cloning the coding sequence 
in pK7WG2 destination vectors (Karimi et al., 2002), which was transformed by floral dip (Clough 
and Bent, 1998) in Arabidopsis thaliana (L.) Heyhn. plants, ecotype Col0. For xylem-pole pericycle 
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specific expression, vectors were prepared by cloning the required fragments (Table S4) into 
pH7m24GW or pB7m24GW (Karimi et al., 2007; Hilson, 2006) which were transformed into plants 
from the J0121 GAL4 enhancer-trap line (Laplaze et al., 2005).  
T-DNA insertion lines 
T-DNA insertion lines were obtained from the Nottingham Arabidopsis Stock Centre (NASC) or the 
Arabidopsis Biological Resource Centre (ABRC) and homozygous plants were selected by PCR 
analysis with T-DNA-specific and genomic primers specific for each line (Table S5). 
Quantitative Real-time PCR 
RNA was extracted from whole roots with the RNeasy kit (Qiagen). Polyd(T) cDNA was prepared 
from 1 µg total RNA with the iScriptTM cDNA synthesis kit (Bio-Rad) and analysed on an iCycler 
apartus (Bio-Rad) with the SYBR Green I Master kit (Roche Diagnostics). Reactions were 
performed in triplicate, and the data were analysed with qBase (Hellemans et al., 2007) and 
expression levels were normalized to EEF1α4 and CKa2. Primers (Table S6) were designed with 
Beacon Designer 4.0 (Premier Biosoft Interrnational). 
Histochemical and histological analysis 
GUS staining was performed as described before (Beeckman and Engler, 1994). For observation, 
plants were mounted in 50% glycerol. For lugol staining, roots were impregnated for 3-5 min in a 
commercial lugol solution (Sigma-Aaldrich), rinced in water and mounted in chloral hydrate for 
clearing (250 g chloral hydrate (Acros Organics), 94 ml H2O, 25 ml glycerol). Staging was 
performed on roots cleared as described previously (Malamy and Benfey, 1997), or by mounting 
in 90% lactic aid (Acros Organics). All samples were analysed by differential interference contrast 
microscopy on an Olympus BX51 equipped with a Nikon DS-5Mc camera. Pictures were treated 
with Photoshop CS4. 
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Aux/IAA proteins. Genes analyzed in this chapter are indicated in green. Branches of 
maize/rice co-orthologs are marked in red.(Adapted from: Wang et al., 2010)  
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Table S1: Overview of the parameters measured during phenotypic analysis of transgenic 
Arabidopsis and rice plants 
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Table S2: Analysis of Arabidopsis lines ectopically expressing maize genes. ZM code, gene model 
and predicted gene onthology are described. Significant (p<0.05) positive and negative values are 
indicated in green and pink respectively. PR, primary root length; LR, number of lateral roots; LRD, 
lateral root density; TRL, total root length. Qpcr indicates that the transcript was detected by qRT-
PCR in these lines. 
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Table S2 (continued): Analysis of Arabidopsis lines ectopically expressing maize genes . 
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Table S5: List of primers used for genotypic analysis of T-DNA insertion lines 
 
Table S4: List of primers used for cloning 
 
  Functional characterisation 
 
 
 | 139 
 
  
 
Table S6: List of primers used for qRT-PCR 
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Abstract 
Transcription factors play an important role in the regulation of gene expression. Through 
the activation or repression of transcription they steer plant developmental processes. 
Here we describe the functional characterization of four WRKY genes with a potential role 
in lateral root development. These genes are part of an extensive family of plant-specific 
transcription factors with a conserved WRKY amino acid domain. The root architecture of 
over-expression, knock-out and dominant-negative lines was analyzed. Over-expression 
of WRKY18 and WRKY40 resulted in a reduced lateral root density. Both genes were 
expressed in a region at the base of developing lateral roots. We propose a role for 
WRKY18 and WRKY40 in lateral root morphogenesis. Further, interfering with WRKY50 
expression or activity influenced processes regulated by auxin, such as meristem 
maintenance, lateral root emergence and gravitropism, which might point to a role for 
WRKY50 in auxin distribution in the root. Finally, over-expression and knock-out of 
WRKY51 had mild effects on primary root growth and lateral root density, suggesting that 
also this gene is involved in root development. 
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Introduction 
Root system architecture, with branching as a major feature, is the result of environmental 
conditions, a complex interplay between different hormones, and directed gene regulation (Nibau 
et al., 2008). In terms of lateral root formation in Arabidopsis thaliana, auxin is the main player, 
regulating priming, initiation, patterning and emergence of lateral roots. Therefore all factors 
affecting auxin production, transport or signaling will interfere with the distribution and 
development of lateral roots (overview in: Fukaki and Tasaka, 2009; Péret et al., 2009a).  
Gene expression in eukaryotes is regulated to a great extent by the action of transcription factors. 
These specialized proteins can bind specific sequences in the promoter region of their target 
genes, thereby activating or repressing their transcription (Martinez, 2002). One family of plant-
specific transcriptions factors is that of the WRKYs, named after the highly conserved WRKYGQK 
amino acid sequence found in all of its members (Eulgem et al., 2000). With 72 members in 
Arabidopsis (supplemental figure 1;  Mangelsen et al., 2008) and over 100 in rice (Berri et al., 
2009), the WRKY group is one of the largest families of specific DNA-binding transcription factors 
in higher plants (Rushton et al., 2010). Many of them were originally described in relation to plant 
immunity (Eulgem and Somssich, 2007; Pandey and Somssich, 2009) and abiotic stress response 
(overview in: Rushton et al., 2010). However WRKY transcription factors can also play a role in leaf 
senescence, seed development, dormancy and germination, metabolism, hormone signaling and 
plant development (Berri et al., 2009; Rushton et al., 2010). Moreover, one single transcription 
factor is often involved in different processes (Rushton et al., 2010). Although up to now only one 
member was described to have a function in root development (Grunewald et al., in preparation), 
several WRKY genes are expressed in the root (Birnbaum et al., 2003; Parizot et al., 2010; Dong et 
al., 2003), or are differentially regulated during auxin-induced lateral root initiation or asymmetric 
cell division (chapter 4, De Smet et al., 2008; Vanneste et al., 2005). This suggests that also other 
members of the WRKY family might play a role in root development.  
In this chapter, we characterized four WRKY genes. Using different approaches we confirmed that 
interfering with their expression level and activity affects root architecture. Expression analysis 
further indicated that at least two of these genes are involved in lateral root development. 
Results 
Selection of genes 
Previously, transcriptome analysis in maize led to the identification of two WRKY transcription 
factors which were up-regulated soon after the induction of lateral roots by auxin (chapter 4 & 5). 
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The role of these two maize genes in lateral root formation was studied by ectopic over-
expression in the model plant Arabidopsis. However, transgenic plants were severely hampered in 
their development. As other research within the Root Development Group had already 
demonstrated a function for a WRKY transcription factor in Arabidopsis root development 
(Grunewald et al., in preparation), it was decided to analyze the putative Arabidopsis orthologues 
of the selected maize WRKY genes in more detail.  
Homologous genes in Arabidopsis were identified by blast analyses, yielding 2 pairs of highly 
related Arabidopsis WRKY genes: AtWRKY18 (At4g31800) and AtWRKY40 (At1g80848), 
homologous to AC209050.3_FGT003 (ZM29), and AtWRKY50 (At5g26170) and AtWRKY51 
(At5g64810), homologous to GRMZM5G863420 (ZM14). Phylogenetic analysis and a search for 
orthologues using PLAZA (Proost et al., 2009) confirmed the potential evolutionary link between 
the selected genes (figure 1). 
WRKY40 expression was earlier shown to be up-regulated during lateral root initiation in a 
SLR/IAA14-dependent way (Vanneste et al., 2005), while WRKY18 is preferentially expressed in 
phloem-pole pericycle cells (Parizot et al., 2010). Neither WRKY50, nor WRKY51 are represented 
on the Arabidopsis ATH1 array, which has been commonly used by the Arabidopsis community for 
transcriptome analyses. Therefore, no information is available on their expression pattern nor 
their potential role in lateral root development.  
 
Figure 1: Phylogenetic analysis of Arabidopsis WRKY genes. For the construction of the tree, ZM14, 
ZM29, and Arabidopsis WRKY genes of group IIc and IIIa were used, which include WRKY50 and 
WRKY51, and WRKY18 and WRKY40, respectively (Eulgem et al., 2000). 
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Interfering with WRKY expression affects root architecture 
To elucidate a potential role for these selected WRKY genes in root development, functional 
analysis was performed using over-expression, dominant negative and knock-out approaches. 
Ectopic over-expression was obtained by expressing the gene under control of the Cauliflower 
mosaic virus 35S constitutive promoter (Odell et al., 1985). A dominant negative form of the 
 
Figure 2: Effect of WRKY18 on root growth (A) Phenotype of plants over-expressing (OE) 
WRKY18, 7DAG. Two independent segregating lines are shown. (B-D) Phenotypic analysis of 
root growth in two lines OE WRKY18. (E-G) Phenotypic analysis of root growth in two lines 
expressing a dominant-negative form of WRKY18. Primary root length (B,E), number of laterals 
(C,F) and lateral root density (D-G) are indicated. As results for control plants were very similar 
between lines, only one control is shown. Asterisk indicate significant difference with control 
(ttest, p-value <0.05). 
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proteins was generated by the addition of an SRDX repression domain to the 3’ end of the genes, 
which allows binding of the transcription factor but prevents transcription, and is therefore well 
suited for the characterization of redundant transcription factors (Hiratsu et al., 2003). For both 
over-expression and dominant negative approaches a visible marker, expressed in the seed coat, 
allowed to distinguish between transformed and wild-type (WT) seeds in a segregating T2 
population. Only single-insert lines were taken into account, and negative seeds were used as a 
control in our experiments. Up to 2 lines per construct were phenotypically analyzed by growth of 
the plants on an agar surface in a near-vertical position until 10 DAG, followed by the 
determination of their primary root length, number of lateral roots and lateral root density (LRD). 
Additionally, T-DNA insertion lines were analyzed to study loss-of-function effects. The data 
presented here are the result of preliminary experiments, often performed on plants from a 
segregating population, for which the (trans-)gene expression levels will have to be confirmed by 
quantitative RT-PCR (qRT-PCR). Nevertheless, these results provide a first glance on a potential 
role of the selected genes in root development.  
Ectopic expression of WRKY18 resulted in plants with a reduced root system compared to control 
plants (figure 2A); primary roots were shorter (figure 2B), and in line 1 also the lateral root 
number was highly reduced (figure 2C), leading to a smaller LRD (figure 2D). The variability 
between plants of line 4 was quite large for the number of lateral roots, and differences with the 
control were not significant (figure 2C-D). Expression of a dominant-negative form of WRKY18 led 
to a small decrease of the root length (figure 2E), and as there was no effect on the lateral root 
number (figure 2F), this resulted in a small increase of the LRD in line 7 (figure 2G). In wrky18 
mutants, both the primary root length and number of lateral roots were reduced, but the LRD did 
not significantly differ from control plants (figure 3).  
 
Figure 3: Phenotypic analysis of root growth in knock-out mutants of WRKY18 and WRKY40. 
Primary root length (B), number of laterals (C) and lateral root density (D) are indicated for 
single and double mutants. Asterisk indicate significant difference with control (p<0.05). 
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Both lines over-expressing WRKY40 showed severe growth defects. Plants were small, and very 
few emerged lateral roots were found (figure 4A). The lack of lateral roots was in some plants 
compensated by the formation of adventitious roots. The phenotype was stronger in line 4, in 
 
Figure 5: Phenotypic analysis of root growth of plants over-expressing WRKY18. Primary root 
length (B), number of laterals (C) and lateral root density (D) are indicated. Asterisk indicate 
significant difference with control (p<0.05).  
 
Figure 4: Effect of WRKY40 over-expression (A) Phenotype of plants over-expressing (OE) 
WRKY40, 10 DAG. Two independent lines are shown. (B) Quantitative RT-PCR analysis on the 
expression level of WRKY40. (C-D) Phenotype of young seedlings, Col0 control (C), WRKY40 OE 
results in small plants with increased root hair proliferation (D) and occasionally closed cotyledons 
(E). Bar =1 mm. 
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which also the highest expression level was detected (figure 4B). Closer observation of this line 
revealed increased root hair formation, particularly at the root-hypocotyl junction (figure 4D), and 
occasionally the cotyledons, which were narrow and long, remained closed (figure 4E). Only line 3 
was quantitatively analyzed, and despite large variation, all parameters tested were significantly 
reduced (ttest, p-value <0.05; figure 5).  
As WRKY40 probably acts as a weak transcriptional repressor (Chen et al., 2010), a dominant 
negative approach for this gene was not initiated. Knock-out of WRKY40 resulted in a small but 
significant (p<0.05) reduction in the number of lateral roots, while the primary root length and 
LRD were comparable to control plants (figure 3). As WRKY18 and WRKY40 were described to be 
 
Figure 6: Interfering with expression or activity of WRKY50 has strong effects on root 
development. (A) Phenotype of plants over-expressing (OE) WRKY50, 7DAG. Two independent 
segregating lines are shown. (B) Detail of the root meristem of WRKY50OE plants. Arrow indicates 
differentiated xylem. (C) Root cap of WRKY50OE plants. Inset shows WT control. (D) Developing 
lateral root WRKY50OE plants. (E) Ectopic divisions in the pericycle of WRKY50OE plants. (F) 
Phenotype of plants expressing a dominant-negative form of WRKY50. (G-H) Phenotypic analysis 
of root growth in plants expressing a dominant negative form of WRKY50. Primary root length (G), 
number of laterals (H) and lateral root density (I) are indicated. Asterisk indicate significant 
difference with control (ttest; p-value <0.05). 
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partially redundant (Xu et al., 2006), also a wrky18wrky40 double mutant was analyzed. These 
plants had a slightly shorter primary root and lateral root number, but a similar LRD as control 
plants (figure 3).  
Constitutive over-expression of WRKY50 resulted in dwarfed plants with no or only very few 
emerged lateral roots (figure 6A). Primary root growth ceased shortly after germination. 
Microscopic analysis of root tips revealed severely disturbed patterning in the root meristem. In 
addition, vascular tissues were formed close to the root tip, pointing to meristem differentiation 
(figure 6B). Further, multiple layers of root cap cells remained attached to the root tip (figure 6C), 
and lateral root primordia seemed to be hampered during emergence through the cortex cell 
layer, resulting in flattened primordia (figure 6D). Ectopic divisions, not related to lateral root 
formation, were found in the pericycle (figure 6E). Expression of a dominant-negative version of 
the WRKY50 protein affected gravitropic response of primary and lateral roots (figure 6F). 
However, in these plants no obvious aberrations at the level of the apical meristem or root cap 
were found. Primary root length was similar as in wild-type plants (figure 6G), but the number of 
 
Figure 7: Effect of over-expression and knock-out of WRKY51 on root growth (A-C) Phenotypic 
analysis of root growth in WRKY51OE plants. (D) Quantitative RT-PCR analysis on the expression 
level of WRKY51 in a knock-out line for WRKY51. (E-G) Phenotypic analysis of root growth in 
WRKY40 knock-out plants. Primary root length (A,E), number of laterals (B,F) and lateral root 
density (C,G) are indicated. Asterisk indicate significant difference with control (p<0.05). 
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lateral roots, and by consequence also the LRD, were significantly reduced (figure 6H-I). 
Based on the intensity of the visible marker, the expression level of WRKY51 in the over-
expression lines was low when compared to that of the other constructs. One line was 
phenotypically indistinguishable from wild-type plants (data not shown). In line 2, the primary 
root length was reduced (figure 7A), while the number of lateral roots did not differ from the 
control (figure 7B), resulting in an increase of the LRD (figure 7C). Interestingly, knock-out of the 
same gene (figure 7D), resulted in an increase of the primary root length (figure 7E) and lateral 
root number (figure 7F). The LRD was the same as in control plants (figure 7G). 
Expression analysis postulates a role for WRKY18 and WRKY40 in lateral root development 
In order to get better insight in which aspects of root development WRKY18 and WRKY40 could be 
involved, we studied their expression pattern in the root. Promoter sequences were cloned in 
front of GUS and NLS-GFP reporter genes, and expression patterns were analyzed in segregating 
T2 single-insert lines by confocal and light microscopy after GUS staining. 
WRKY18 expression was found in the pericycle and possibly also in the stele (figure 8A), although 
not over the whole length of the root. Expression was strong in basal parts of the root, while no 
signal was observed in the root tip. Further, WRKY18 was expressed in lateral root primordia 
before emergence (figure 8B), and at the base of emerged lateral roots (figure 8C), where the 
signal seemed to be confined to the outer tissue layers (figure 8D).  
 
 
Figure 8: Expression analysis of WRKY18 in the root. WRKY18 is expressed in the stele (A) and in 
young lateral root primordia (B). In emerged primordia expression is limited to the basal part of the 
lateral (C), and particularly in outer tissues (D). 
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WRKY40 was also expressed at the base of developing lateral roots. Before emergence, the signal 
was limited to a couple of pericycle cells at the border between the primordium and the parent 
root (figure 9A). In older, emerged lateral roots, the expression domain was expanded over the 
base of the lateral root (figure 9B). Thereby the expression pattern of WRKY40, although more 
restricted, partially overlaps with that of WRKY18. 
In none of the lines obtained for expression analysis of WRKY50, GFP or GUS signal was found. 
Also For WRKY51 no reporter lines were obtained due to problems in the cloning procedure.  
 
Discussion 
Despite the extensive family of WRKY transcription factors encoded by the Arabidopsis genome, 
up to now a role in development was only described for a small number of them (Rushton et al., 
2010; Grunewald et al., in preparation), while characterization of most of the WRKY genes was 
related to biotic and abiotic stress response (Rushton et al., 2010). Nevertheless, one 
transcription factor can be involved in multiple processes (Rushton et al., 2010; Zhang and Wang, 
2005), making it a great challenge to disentangle the different functions of individual members.  
Two WRKY genes were previously identified as possible regulators of lateral root initiation in 
maize (chapter 5). Their expression was strongly induced in pericycle cells which were stimulated 
for lateral root initiation (chapter 4). The functional characterization of these maize genes by 
ectopic expression in Arabidopsis resulted in severely affected plant development and root 
 
Figure 9: Expression analysis 
of WRKY40 in the root. (A) 
Expression of WRKY40 at the 
borders of young lateral root 
primordia. (B) In emerged 
primordia expression is 
spread over the basal part of 
the lateral. 
  WRKYs and root development 
 
 
 | 159 
growth (chapter 5). As WRKY genes evolved differently after the monocot-dicot split, variations in 
the amino acid residues of the important WRKY domain might affect the characterization of maize 
WRKY genes in Arabidopsis (Wu et al., 2005). Therefore, in this chapter we selected possible 
Arabidopsis orthologues of the two maize WRKY genes and explored their role in root 
development. 
The structurally related proteins WRKY18 and WRKY40 both physically and functionally interact 
with each other and with WRKY60, forming homo-and hetero-dimer complexes whose DNA-
binding and transcription-regulating activities depend on the combination of the proteins (Chen et 
al., 2010; Wu et al., 2005; Xu et al., 2006). WRKY18 and WRKY40 are involved in jasmonic acid 
(JA)- and salicylic acid (SA)-mediated pathogen defense (Dong et al., 2003; Xu et al., 2006), and 
have important roles in plant responses to abscisic acid.(ABA, Chen et al., 2010; Rushton et al., 
2011; Shang et al., 2010). WRKY40 represses ABA-responsive genes (Chen et al., 2010; Shang et al., 
2010). Upon increasing ABA levels WRKY40 is recruited to the cytosol where it binds an ABA 
receptor, and downstream ABA signaling genes are no longer repressed (Shang et al., 2010). 
About the role of WRKY18 in ABA response contrasting reports have been published. While Shang 
et al. (2010) stated that WRKY18 represses ABA response, other authors demonstrated that 
WRKY18 acts as a transcriptional activator, and that both WRKY18 homo-dimers and 
WRKY18/WRKY40 hetero-dimers would be positive regulators of ABA response (Chen et al., 2010). 
Over-expression of WRKY18 was earlier shown to result in stunted plants (Chen and Chen, 2002). 
Here, we found that the ectopic expression of both WRKY18 and WRKY40 had a negative effect on 
primary root length and lateral root density. As ABA seems to be involved in the regulation of 
several steps during lateral root formation (De Smet et al., 2006), a role for WRKY18 and WRKY40 
might be the regulation of ABA response during lateral root development. Expression of WRKY18 
was detected in the pericycle, and earlier micro-array data further suggest that WRKY18 is 
specifically expressed in phloem-pole pericycle cells (Parizot et al., 2010). This expression would 
be in line with a role for WRKY18-regulated ABA response leading to the inhibition of cell division, 
and as such lateral root initiation (De Smet et al., 2006), at the phloem poles. Also the expression 
of two genes involved in ABA biosynthesis (AtNCED2 and AtNCED3) at the base of lateral roots is 
indicative for a role of ABA in the regulation of lateral root development (Tan et al., 2003; De 
Smet et al., 2006). The expression pattern of WRKY18 and WRKY40 might as such point to a role 
for both genes in shaping the lateral root primordium, through regulation of ABA signaling. A 
similar role was ascribed to the auxin-responsive transcription factor PUCHI, which has an 
expression pattern in lateral roots which is very similar to that of WRKY18 (Hirota et al., 2007). 
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The theory that WRKY18 could act independent of WRKY40 to induce ABA-regulated response 
(Chen et al., 2010), together with the overlapping expression pattern of WRKY40 with WRKY18 
could also explain the stronger effect of WRKY18 knock-out as compared to knock-out of WRKY40. 
However, the mild effect of the double mutant and WRKY18 gain-of-function lines are not in line 
with this reasoning, and require further study. 
Apart from their role in ABA signaling, WRKY18 and WRKY40 positively affect JA signaling (Xu et al., 
2006; Pandey et al., 2010). JAs induce root hairs (Zhu 2005) and positively affect adventitious root 
formation (Fattorini et al., 2009; Moons et al., 1997). Interestingly, both effects were observed in 
the strong WRKY40 over-expressing line we analyzed  
The different reports published on WRKY18 and WRKY40 indicate they represent nodes in a 
complex signaling network with numerous input signals which mediates the response to several 
plant hormones (Rushton et al., 2011). The data presented here suggest that a balanced 
proportion of WRKY18 and WRKY40 in a tissue-specific way might be necessary for correct lateral 
root development. More in depth analysis of the phenotypes, including closer observation of 
divisions in the pericycle or arrested lateral root primordia, could shed a light on the function of 
both genes in lateral root development. Growth of the over-expression, gain-of-function and 
knock-out lines on medium supplemented with ABA could further help to elucidate their role in 
ABA signaling. 
Very little information is available on the regulation and function of WRKY50 and WRKY51, as they 
are not represented on the commonly used ATH1 Arabidopsis micro-array. Expression of WRKY51, 
but not WRKY50, has been demonstrated in roots(Dong et al., 2003). Further, both genes are 
induced by SA and pathogen infection (Dong et al., 2003), and a role in defense response was 
proposed (Gao et al., 2011). However, particularly the phenotypes we observed in WRKY50  over-
expression and dominant negative lines suggest this gene probably plays a role in more general 
aspects of plant development. Over-expression of WRKY50  led to differentiation of the root apical 
meristem, and processes as shedding of root cap cells and cell separation during lateral root 
emergence seemed to be repressed, resulting in short roots without lateral branches, and 
multiple layers of root cap cells. Despite normal patterning at the level of the root meristem, 
plants expressing a dominant-negative form of WRKY50 were affected in their gravitropic 
response. Further, a reduced LRD pointed also in these lines to defects at the level of lateral root 
formation. Auxin is an important regulator of root patterning, gravitropic response, and lateral 
root organogenesis and emergence (Benková et al., 2003; Overvoorde et al., 2010; Péret et al., 
2009b). Ectopic expression of WRKY23, a gene structurally related to WRKY50, resulted in 
phenotypes similar to what we described here (Eulgem et al., 2000; Zhang and Wang, 2005; 
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Grunewald et al., in preparation). WRKY23 influences auxin transport by inducing localized 
biosynthesis of flavonoids, thereby steering root development (Grunewald et al., in preparation). 
Therefore, WRKY50 might, in analogy with WRKY23, affect auxin distribution in the root. 
Although analysis of WRKY51 over-expression and knock-out plants did not reveal drastic 
phenotypes, the reduced primary root growth in over-expression lines, combined with the 
increased root growth of knock-out plants, suggests also this gene might play a role in root 
development.  
MATERIALS AND METHODS 
Plant growth and analysis 
Plants were grown in square Petri dishes on solid 0.5x MS medium, in near-vertical position, in a 
growth chamber at 22°C under continuous light conditions (110 µE.m-2.s-1 photosynthetically 
active radiation, supplied by cool-white fluorescent tungsten tubes; Osram). For induction of 
transgene expression in 35S::WRKY23-GR plants, 10 µM dexamethasone was added to the growth 
medium. Seeds of wrky18 (GABI-Kat line 328G03), wrky40 (SLAT line N40001) and wkry18wrky40 
were kindly sent by Dr. Imre Somssich (Max-Planck-Institute for Plant Breeding, Koeln, Germany), 
WRKY40OE lines were shared by Prof. Zhixiang Chen (Perdue University, US). Seeds of wrky51 
(SALK_022198) were order from the NASC (N522198). Seeds for expression analysis of WRKY23, 
as well as for the inducible WRKY23 expression, were shared by Dr Wim Grunewald. Phenotypic 
analyses were performed on plants 10 DAG. The number of emerged lateral roots was counted 
under a stereo-microscope, and a scan was made from the plates (Epson Perfection V700 Photo). 
Using ImageJ software (http://rsbweb.nih.gov/) the length of the primary root and the naked 
zone (distance between the root tip and the youngest lateral) were measured. The LRD was 
calculated by dividing the number of laterals by the root length minus the naked zone.  
Identification of homologous genes 
Arabidopsis homologues of the maize genes were identified by BLASTX analysis (TAIR BLAST 2.2.8) 
using default settings. Blast hits with the two best scores were retained. 
Phylogenetic analysis was performed with Phylogeny.fr (Dereeper et al., 2008; Dereeper et al., 
2010), using default settings. 
Cloning procedures 
Genes and were amplified from DNA with primers listed in table1, and cloned in pDONRTM221. For 
over-expression and dominant negative approaches, expression clones were constructed by 
cloning the genes in a pK7WG2G destination vector (Karimi et al., 2007; Karimi et al., 2002; Karimi, 
2010), under control of a 35S promoter, and with a visible marker in the form of GFP expression in 
the seed coat. For promoter analyses, 1 kb (WRKY51; SAP database (Benhamed et al., 2008)) or 
2 kb (WRKY18, WRKY40, WRKY50) promoter region was cloned into pDONRP4P1R donor vector. 
Expression clones were obtained by cloning the required fragments into pMK7S*NFm14GW 
(promoter::NLS-GFP/GUS; (Karimi et al., 2007)). Expression vectors were transformed in 
Arabidopsis thaliana, ecotype Col0, by floral dip (Clough and Bent, 1998). 
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Quantitative real-time pcr 
RNA was extracted from whole roots with the RNeasy kit (Qiagen). Polyd(T) cDNA was prepared 
from 1 µg total RNA with the iScriptTM cDNA synthesis kit (Bio-Rad) and analysed on a Lightcycler 
480 apparatus (Roche Diagnostics) with the SYBR Green I Master kit (Roche Diagnostics). 
Reactions were performed in triplicate, and the data were analysed with qBase (Hellemans et al., 
2007) and expression levels were normalized to EEF1α4 and CKa2. Primers (supplemental table 1) 
were designed with Beacon Designer 4.0 (Premier Biosoft Interrnational). 
Histochemical, histological and confocal analysis  
GUS staining was performed as described before (Beeckman and Engler, 1994). For observation, 
plants were mounted in 50% glycerol. For lugol staining, roots were impregnated for 3-5 min in a 
commercial lugol solution (Sigma-Aaldrich), rinced in water and mounted in chloral hydrate for 
clearing (250 g chloral hydrate (Acros Organics), 94 ml H2O, 25 ml glycerol). Samples were 
analyzed by differential interference contrast microscopy on an Olympus BX51 equipped with a 
Nikon DS-5Mc camera. Pictures were treated with Photoshop CS4. For visualization of GFP, roots 
were stained in 10 µg/ml propidium iodide (Sigma-Aldrich), mounted in water and analyzed with a 
Zeiss Axiovert 1000M confocal microscope. Pictures were treated with Zeiss LSM Image Browser. 
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Supplemental material 
  
 
Supplemental figure 2: Phenotypic analysis of root growth of plants over-expressing WRKY18. 
Primary root length (B), number of laterals (C) and lateral root density (D) are indicated. Asterisk 
indicate significant difference with control (p<0.05).  
 
 
 
Supplemental figure 1: Phylogenetic analysis of WRKY genes in Arabidopsis. Numbers above 
the branches represent bootstrap values. Members that could not be unequivocally assigned 
to a defined group are indicated in gray boxes. (Adapted from: Eulgem et al., 2000)  
 
Chapter 6 
 
 
164 | 
 
 
  
 
Supplemental table 1: primers used for cloning and quantitative  RT-PCR 
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Conclusions and perspectives 
Auxin at play in maize lateral root development 
The role of auxin in lateral root development has been extensively studied in Arabidopsis thaliana, 
and with the help of marker lines and numerous mutants defective in auxin synthesis, transport 
or response, these networks are being unraveled. In rice and maize genes have been identified 
which are involved in auxin homeostasis, however our understanding of auxin-mediated 
pathways in these monocotyledonous species remains fragmentary. This is likely to change in the 
near future, as a marker line visualizing auxin response maxima (DR5::RFP) in maize has recently 
become available, and reports describing ARF and AUX/IAA families in maize were published in 
the last year (Wang et al., 2010, Xing et al., 2011, Wang et al., 2011). Interfering with auxin 
distribution and perception in monocots has consequences for lateral root development 
(McSteen, 2010), and the identification of a lateral rootless mutant with a stabilized AUX/IAA 
protein in maize suggests that the mechanisms by which auxin regulates lateral root initiation are 
broadly conserved between monocots and dicots (von Behrens et al., 2011, Woll et al., 2005).  
Here we performed a micro-array experiment in combination with a lateral root inducible system, 
and could isolate several genes functioning in auxin transport and response which were 
differentially expressed during lateral root initiation (chapter 4). Further, the expression patterns 
of putative members of gene families related to auxin transport and response were very similar in 
Arabidopsis and maize, arguing for a common role of auxin in lateral root initiation in both species. 
The positioning of lateral roots in Arabidopsis has been correlated to recurrent auxin signaling 
maxima in the proto-xylem (De Rybel et al., 2010, De Smet et al., 2007, Moreno-Risueno et al., 
2010). Using the maize DR5 marker line, we have demonstrated that auxin response maxima are 
formed at the phloem poles in maize, and that these maxima are necessary for correct lateral root 
formation (chapter 2). Thus, despite the anatomical differences between the Arabidopsis and 
maize root, and notwithstanding the different location of lateral root initiation (xylem pole in 
Arabidopsis vs. phloem pole in maize), auxin response maxima in the vascular tissues seem to be 
prerequisite for lateral root formation.  
Arabidopsis as a guide to disentangle mechanisms of lateral root initiation in maize 
Apart from the marker lines and mutants available in Arabidopsis, this model plant also has the 
advantage of being rather easy transformed, and its relatively short life-cycle further allows the 
generation of combined markers and mutations within a reasonable time span. It is therefore 
tempting to use Arabidopsis as a model for more complex and less flexible plant species such as 
maize. However, to what extend can Arabidopsis be used to disentangle the pathways involved in 
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lateral root initiation in the complex maize root? And is a functional analysis of maize genes in 
Arabidopsis relevant for the endogenous function of these genes? 
The results described above suggest that, at least at the level of auxin regulation of lateral root 
formation, conserved mechanisms exist in monocots and dicots. Also our comparative genomic 
analyses demonstrated a high level of correlation between the expression patterns of 
differentially regulated genes in maize and their orthologs in Arabidopsis during lateral root 
initiation, and orthologs of induced maize genes were preferentially expressed in Arabidopsis 
xylem-pole pericycle cells. This also shows that the correlation was not merely coincidence, but 
that conserved mechanisms related to lateral root initiation are at play in phloem-pole pericycle 
cells in maize and in cells opposite of xylem poles in Arabidopsis (chapter 4).  
The functional analysis of candidate maize regulators of lateral root initiation in Arabidopsis and 
rice gave regularly comparable results in both plant species. Particularly the genes which resulted 
in increased root growth in Arabidopsis were also positive regulators of biomass production and 
seed yield in rice (chapter 5). Nevertheless, despite the selection of genes conserved in 
Arabidopsis and maize, their expression in Arabidopsis often resulted in more negative and drastic 
phenotypes as compared to rice. Over-expression of a selection of AUX/IAA genes for instance 
had no or mild positive effects on rice growth, while Arabidopsis plants were often dwarf, sterile, 
and lacked lateral roots. Likewise, the expression of one of the WRKY genes was lethal for 
Arabidopsis, but had no consequences for growth in rice. This shows that despite conserved 
mechanisms, evolution and expansion of gene families might have resulted in diversification of 
the function of individual genes. Although Arabidopsis can help to give a quick answer to the 
question whether a certain gene can increase plant growth or stress resistance, it is worthwhile to 
simultaneous perform the analysis in a model system which is evolutionarily closer to the plant 
from which the gene is originating, as in our case rice, or to include the Arabidopsis ortholog in 
the analysis. 
Subtle differences between Arabidopsis and maize were also found in the inhibition of lateral root 
initiation by NPA. Although NPA treatment in Arabidopsis probably retains pericycle cells in the 
G1 phase of the cell cycle, different methods in maize have shown that pericycle cells in NPA-
treated maize roots are blocked in G2. As a consequence, the time span between the addition of 
NAA and the first cell divisions related to lateral root formation was much shorter in maize than 
what was described for Arabidopsis (chapter 4). These differences might be related to the 
robustness of maize roots and different endogenous auxin levels.  
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Together, these observations show that prior knowledge in the model plant Arabidopsis can be of 
great value in the selection of potentially important and conserved regulators of lateral root 
initiation in maize. Nevertheless, when performing functional characterization of maize genes in 
Arabidopsis, evolutionary divergence can complicate the interpretation of the observations. With 
a large collection of maize ecotypes, increasing information on the maize genome, and a growing 
population of gene-specific mutants, the need for functional characterization in Arabidopsis might 
decline in the coming years. On the other side, detailed genome information will help to identify 
orthologous genes in Arabidopsis with more confidence, which then could be analyzed in parallel.  
The potential of WRKY genes 
WRKY transcription factors have been mainly studied in relation to biotic and abiotic stress 
response, but a growing number of reports also link them to other processes in plant 
development. The size of the WRKY family expands with increasing complexity of the plants, and 
is proportional to the spreading of the plants over the world (Zhang and Wang, 2005). Monocot 
genomes encode most WRKY’s, and are also most advanced in evolution and adaptability.  
Many WKRY genes are induced by hormones and in turn play a role in hormonal response. Here 
we characterized four Arabidopsis WRKY genes, of which at least three seem to be involved in the 
hormonal regulation of root development (chapter 6). WRKY18 and WRKY40 might have a role in 
ABA response and lateral root morphogenesis. Although further experiments will have to confirm 
these assumptions, it would be the first direct evidence for a role of ABA in lateral root patterning. 
The phenotypes observed in WRKY50 over-expression and dominant-negative plants suggests 
that this gene might be involved in the regulation of auxin homeostasis in the root. A similar role 
was before assigned to WRKY23, which regulates auxin transport in the root through the 
biosynthesis of flavonoids (Grunewald et al., in preparation).  
Other WRKY genes are also expressed in the root, and might thus be involved in root 
development (Dong et al., 2003). Therefore, disentangling the role of individual members of this 
large gene family might help to understand the hormonal control of different aspects of (lateral) 
root development. 
This is only the beginning  
In the last decade several transcriptome analyses have been performed with relation to lateral 
root development in Arabidopsis and maize. Each of them had its specific set-up, and generated 
hundreds of candidate genes which could potentially be involved in lateral root initiation. With 
the analyses described in this thesis, we add 1297 and 1100 potential regulators of lateral root 
initiation in maize primary and adventitious roots respectively (chapter 4). As the number of 
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available analyses increases, the resolution of the results will become more refined. Mutual 
comparison between available data-sets can help to discriminate between false-positives and true 
candidates, and comparison between species can further lead to the identification of conserved 
mechanisms. In this respect it might for instance be interesting to study in more detail the 60 
genes which were induced in maize primary and adventitious roots, and in Arabidopsis xylem-pole 
pericycle cells, in a SLR/IAA14-dependent way (chapter 4, De Smet et al., 2008, Vanneste et al., 
2005). On the other hand, morphological differences between Arabidopsis and maize suggest 
there must also be species-specific mechanisms at play during lateral root development. Study of 
genes which are only differentially expressed in maize could lead to the identification of these 
maize-specific pathways, and might help to shed a light on different solutions nature designed to 
regulate root branching. 
The transcriptome analysis and subsequent phenotypic characterization of candidate regulators 
resulted in the identification of genes whose expression had a positive effect on root growth in 
Arabidopsis and/or biomass and seed yield in rice. Understanding the molecular mechanisms by 
which these genes influence plant growth could be of help in the generation or selection of better 
performing plants.  
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Summary 
Because plants are sessile organisms, they have developed strategies to respond to changes in 
their environment. Distribution of water and nutrients in the soil for instance, is very variable in 
time and space. Therefore, plants enhance the foraging capacity of their root system by branching 
out in different directions. The de novo formation of lateral roots allows plants to explore the soil 
for water and nutrients necessary for their growth and development. These last decades, the 
molecular mechanisms involved in the initiation and development of lateral roots, and the 
regulatory activity of different plant hormones, have started to reveal their secrets, particularly in 
the model plant Arabidopsis thaliana (chapter 1). To which extend this knowledge can help to arm 
economically important crops to water deprivation or nutrient scarcity remains to be studied. In 
this PhD thesis we aimed to characterize the early events of lateral root formation in maize and to 
identify regulators of maize root branching, by building on the knowledge and advantages of 
Arabidopsis as a model.  
The plant hormone auxin is the most important and best characterized regulator of lateral root 
formation, and was shown to play a role in practically every aspect of lateral root development, 
from the specification of founder cells, through the establishment of a dome-shaped primordium 
and the emergence of the lateral root (Péret et al., 2009). Lateral roots are initiated from 
pericycle cells. In Arabidopsis these founder cells are linked to the xylem (Dubrovsky et al., 2000), 
while in maize lateral roots are formed from cells opposite the proto-phloem poles (chapter 2, 
Casero et al., 1995). Recurrent auxin signalling maxima in the proto-xylem were linked to the 
specification of lateral root founder cells in Arabidopsis (De Smet et al., 2007, De Rybel et al., 
2010, Moreno-Risueno et al., 2010). The observation of comparable auxin response maxima in 
cells surrounding the proto-phloem in maize, could hint to the existence of conserved cell-to-cell 
communication systems between the vasculature and neighbouring cell layers in monocots and 
dicots (chapter 2). Chemical inhibition of auxin transport led to random divisions of pericycle and 
endodermis cells, and showed that the phloem-localized auxin response maxima are crucial for 
lateral root formation in maize.  
The first visible sign of lateral root initiation is the asymmetric division of a couple of pericycle 
cells. However, the study of regulatory mechanisms leading to these divisions is hampered by the 
small number of cells involved. Moreover, the timing and site of their occurrence are hard to 
predict. Therefore the development of a system to synchronize the formation of lateral roots in 
maize, as earlier described for Arabidopsis (Himanen et al., 2002), was considered prerequisite to 
identify regulators of lateral root initiation in maize. In first instance, inhibition of auxin transport 
prevented lateral root formation in young seedlings. Subsequently, the addition of exogenous 
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auxin allowed synchronized lateral root initiation (chapter 3). Both in the maize primary and 
adventitious roots, this lateral root inducible system was used to sample synchronized phloem-
pole pericycle cells at particular time-points before and after the first division. Transcriptome 
analysis further allowed us to follow gene regulation during these early phases of lateral root 
formation (chapter 4). Despite indications that root-type-specific mechanisms are at play during 
lateral root initiation in maize (Hochholdinger et al., 2004, von Behrens et al., 2011), our analyses 
revealed a high correlation of genes differentially regulated during lateral root initiation in 
primary and adventitious roots, arguing for common regulatory mechanisms in both root types. 
Similar analyses performed earlier in Arabidopsis resulted in data-sets with genes potentially 
involved in lateral root initiation in this species (De Smet et al., 2008, Vanneste et al., 2005). 
Comparison of the data obtained in maize with these Arabidopsis data-sets suggests that, 
notwithstanding the physiological differences, conserved mechanisms are involved in lateral root 
initiation in monocots and dicots. Moreover, genes up-regulated in cells at the phloem poles in 
maize appeared to have homologues predominantly expressed in the xylem pole pericycle cells in 
Arabidopsis. Also genes involved in auxin transport and response had common expression profiles 
in both species. 
Based on the results of the transcriptome analyses, a selection was made of 27 candidate 
regulators of lateral root initiation in maize primary roots (chapter 5). In order to determine their 
role in root development, and to study their effect on biomass and seed production under water 
deprivation, these maize genes were ectopically expressed in Arabidopsis and rice. The 
phenotypic analysis of the transgenic plants led to the identification of four genes with a positive 
effect on root growth in Arabidopsis and seed yield in rice. Further, several genes with a role in 
hormone signalling appeared to interfere with gravitropic response, root waving and lateral root 
formation. However, also differences between monocot and dicot systems became apparent. 
Although the over-expression of maize AUX/IAA genes led to drastic phenotypes in Arabidopsis, 
their expression in rice had predominantly positive effects on yield in rice.  
Finally, a potential role for four WRKY transcription factors in lateral root formation was analyzed. 
Originally identified in maize, their ectopic expression in Arabidopsis had severe negative 
consequences for plant growth. Therefore, their possible Arabidopsis orthologues were 
characterized in more detail, using over-expression, dominant-negative, and knock-out 
approaches (chapter 6). Based on the phenotypes and their expression pattern in the root, a role 
for WRKY18 and WRKY40 in the restriction of cell division at the boundaries of lateral root 
primordia was suggested. WRKY50 further seemed to influence auxin homeostasis in the root, 
while WRKY51 could represent a negative regulator of root growth. 
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Samenvatting 
Vanwege hun sedentair karakter hebben planten diverse strategieën ontwikkeld om zich aan te 
passen aan een veranderende leefomgeving. De verspreiding van water en nutriënten in de 
bodem bijvoorbeeld is zeer veranderlijk in tijd en ruimte. Daarom vergroten planten de capaciteit 
van hun wortelstelsel door het creëren van vele vertakkingen. De de novo vorming van zijwortels 
laat planten toe om de bodem te verkennen op zoek naar water en nutriënten nodig voor hun 
groei en ontwikkeling. De laatste decennia werden, vooral in de modelplant Arabidopsis thaliana, 
moleculaire mechanismen gekarakteriseerd die betrokken zijn bij de initiatie en ontwikkeling van 
zijwortels, evenals de regulerende werking van verschillende plantenhormonen (hoofdstuk 1). In 
welke mate deze kennis kan helpen om economisch belangrijke gewassen te wapenen tegen 
water- of nutriëntenschaarste is nog niet geweten. In deze thesis hebben we getracht de vroege 
fasen in de vorming van zijwortels in maïs te karakteriseren, en tevens regulatoren te 
identificeren die betrokken zijn bij het vertakken van de maïswortel. Daarbij hebben we gebruik 
gemaakt van de kennis en voordelen van Arabidopsis als modelplant. 
Het plantenhormoon auxine is de belangrijkste en best gekarakteriseerde regulator van zijwortel-
vorming en heeft een rol in zowat alle aspecten van hun ontwikkeling, gaande van de specificatie 
van de pericycluscellen die aan de basis zullen liggen van een nieuwe zijwortel, de vorming van 
het primordium, en de uiteindelijke uitgroei van de zijwortel (Péret et al., 2009). Zijwortelinitiatie 
vindt plaats in specifieke pericycluscellen. In Arabidopsis bevinden deze cellen zich aan het xyleem 
(Dubrovsky et al., 2000), terwijl zijwortels in maïs worden gevormd van cellen die grenzen aan de 
floeempolen (hoofstuk 2, Casero et al., 1995). In Arabidopsis werd een oscillerend auxine 
signalisatie maximum in het protoxyleem gelinkt aan de specificatie van de pericycluscellen die 
aan de grondslag zullen liggen van een nieuwe zijwortel (De Rybel et al., 2010, De Smet et al., 
2007, Moreno-Risueno et al., 2010). De observatie van een vergelijkbaar auxinerespons maximum 
in cellen die het protofloeem omgeven in maïs, zou kunnen wijzen op het bestaan van een 
cellulair communicatiemechanisme tussen de vasculatuur en aangrenzende cellagen dat is 
bewaard in monocotylen en dicotylen (hoofdstuk2). Chemische inhibitie van auxine transport 
resulteerde in ongecontroleerde deling van pericyclus- en endodermiscellen, en toonde aan dat 
de vorming van een auxine signalisatie maximum aan de floeempolen cruciaal zijn voor zijwortel-
vorming in maïs. 
Het eerste zichtbare teken van de initiatie van een zijwortel is de asymmetrische deling van 
enkele pericycluscellen. Het bestuderen van de regulerende mechanismen die tot deze deling 
leiden wordt bemoeilijkt door het kleine aantal cellen dat bij dit proces betrokken is. Bovendien 
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zijn de tijd en plaats van deze eerste delingen moeilijk te voorspellen. Om regulatoren van 
zijwortelinitiatie in maïs te identificeren was het daarom noodzakelijk een methode te 
ontwikkelen waarmee de vorming van zijwortels in maïs kon worden gesynchroniseerd, zoals 
eerder werd beschreven voor Arabidopsis (Himanen et al., 2002). In eerste instantie werd de 
initiatie van zijwortels in jonge zaailingen tegengegaan door de inhibitie van het auxine transport. 
Vervolgens werd auxine toegevoegd, wat leidde tot een synchrone initiatie van zijwortels 
(hoofdstuk 3). Dit zijwortel-induceerbaar systeem werd zowel op de hoofdwortel als op de 
adventiefwortels van maïs toegepast om gesynchroniseerde pericycluscellen te isoleren op 
specifieke punten voor en na de eerste celdeling. Transcriptoomanalyse liet ons verder toe om de 
genregulatie te volgen tijdens deze vroege fasen van zijwortelvorming (hoofdstuk 4). Ondanks 
aanwijzingen dat specifieke mechanismen betrokken zijn bij zijwortelinitiatie in primaire en 
adventiefwortels (Hochholdinger et al., 2004, von Behrens et al., 2011) duiden onze analyses op 
een grote correlatie van differentieel gereguleerde genen tijdens zijwortelinitiatie in de 
hoofdwortel en in adventiefwortels, wat kan wijzen op gemeenschappelijke regulatorische 
mechanismen in beide worteltypes. Gelijkaardige analyses die eerder werden uitgevoerd in 
Arabidopsis resulteerden in verschillende sets van genen die mogelijk betrokken zijn bij zijwortel-
initiatie in deze plant (De Smet et al., 2008, Vanneste et al., 2005). Vergelijking van de data die 
werden bekomen in maïs met deze eerder gepubliceerde Arabidopsis data suggereert dat, 
ondanks de fysiologische verschillen, mechanismen betrokken zijn bij zijwortelinitiatie die zijn 
bewaard in monocotyle en dicotyle planten. Daarenboven blijken genen die zijn geïnduceerd in 
cellen aan de floeempolen in maïs, homologen te hebben die vooral tot expressie komen in de 
xyleempool pericycluscellen in Arabidopsis. Ook genen betrokken bij auxine- transport en respons 
hebben vergelijkbare expressieprofielen in beide plantensoorten. 
Op basis van de resultaten van de transcriptoomanalyse werd een selectie gemaakt van 27 
kandidaat regulatoren van zijwortelinitiatie in de hoofdwortel van maïs (hoofdstuk 5). Om hun rol 
in wortelontwikkeling te bepalen, en om hun effect op biomassa en zaadproductie bij 
waterschaarste te bestuderen, werden deze genen tot overexpressie gebracht in Arabidopsis en 
rijst. De fenotypische analyse van de transgene planten leidde tot de identificatie van vier genen 
met een positief effect op wortelgroei in Arabidopsis en zaadopbrengst in rijst. Verder bleken 
verschillende genen met een functie in hormoonsignalisatie te interfereren met gravitatierespons, 
de golvende groei van de hoofdwortel en zijwortelvorming. Er kwamen echter ook verschillen aan 
het licht tussen monocyle en dicotyle systemen. Hoewel de expressie van AUX/IAA genen van 
maïs tot drastische fenotypes leidde in Arabidopsis, had hun expressie voornamelijk positieve 
effecten op de opbrengst in rijst. 
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Tot slot werd een mogelijke rol van enkele WRKY transcriptiefactoren in zijwortelvorming 
geanalyseerd. Deze genen werden oorspronkelijk opgepikt in maïs, maar hun expressie in 
Arabidopsis had zeer negatieve gevolgen voor de groei van de transgene planten. Daarom werden 
hun mogelijke orthologen in Arabidopsis in meer detail bestudeerd, door het effect te analyseren 
van overexpressie en uitschakeling van het gen, evenals de expressie van een dominantnegatieve 
vorm (hoofdstuk 6). Op basis van de fenotypes en hun expressiepatroon in de wortel werd voor 
WRKY18 en WRKY40 een rol gesuggereerd in het beperken van celdeling aan de grenzen van de 
zijwortel primordia. WRKY50 leek een invloed te hebben op de auxine homeostase in de wortel, 
terwijl WRKY51 een negatieve regulator van wortelgroei zou kunnen zijn. 
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